Identification and characterization of host factors important for Agrobacterium-eukaryote gene transfer by SUN DEYING
 IDENTIFICATION AND CHARACTERIZATION OF 
HOST FACTORS IMPORTANT FOR AGROBACTERIUM-





















A THESIS SUBMITTED 
FOR THE DEGREE OF DOCTOR OF PHILOSOPHY 
DEPARTMENT OF BIOLOGICAL SCIENCES 




First of all, I would like to express my deepest gratitude to my supervisor, 
Associate Professor Pan Shen Quan, not only for providing me the opportunity to 
undertake this promising project but also for his professional guidance and 
encouragement throughout my PhD research.  I am also indebted to Professor Wong 
Sek Man, Assistant Professor Yu Hao and Assistant Professor He Yuehui for their 
generous supports provided during my PhD period.  I also want to show my heartfelt 
thanks to the thesis committee members for their invaluable comments on my thesis 
work. 
My sincere gratitude is also extended to Mr Yan Tie for his technical assistance 
in epifluorescence microscopy; Mr Toh Kok Tee and Mr Ong Ling Yeow for their 
technical guidance in FACS analyses; Ms Tan Lu Wee for her unselfish helps and 
technical supports throughout my PhD studies.  I also want to thank following friends 
and laboratory members who have helped me in different ways: Chang Limei, Hou 
Qingming, Guo Minliang, Tang Hock Chun, Li Xiaobo, Qian Zhuolei, Zhang Li, Tu 
Haitao, Foo Hui Fun and Poh Wei Theng.  
Moreover, I must thank my wife, my parents and my siblings for their moral 
support and encouragement throughout the hard years.  My family is the strongest 
backup supporting me to accomplish my PhD research. 
Finally, I gratefully acknowledge the financial support provided by National 
University of Singapore. 
 II
TABLE OF CONTENTS 
TACKNOWLEDGEMENTST ........................................................................................ I 
T ABLE OF CONTENTST ...........................................................................................II 
TSUMMARYT ..............................................................................................................VII 
TLIST OF PUBLICATIONS RELATED TO THIS STUDY T ................................. IX 
TLIST OF TABLES T ......................................................................................................X 
TLIST OF FIGUREST .................................................................................................. XI 
TLIST OF ABBREAVIATIONS T ............................................................................ XIII 
TChapter 1.T TLiterature reviewT .....................................................................................1 
T1.1.T TOverview of Agrobacterium-eukaryote gene transferT ...........................1 
T1.1.1.T TAgrobacterium-plant gene transferT ........................................................2 
T1.1.2.T TAgrobacterium-yeast gene transferT ........................................................4 
T1.1.3.T TAgrobacterium-mediated transformation of fungi T .................................8 
T1.1.4.T TAgrobacterium-mediated transformation of mammalian cellsT ..............8 
T1.2.T TMolecular mechanisms involved in Agrobacterium-eukaryote gene 
transferT ...................................................................................................9 
T1.2.1.T TChemotaxis of A. tumefaciensT................................................................9 
T1.2.2.T Tvir gene induction in A. tumefaciensT....................................................10 
T1.2.3.T TAttachment of A. tumefaciens to the host cellsT ....................................12 
T1.2.4.T TFormation of the T-DNA complex T ......................................................15 
T1.2.5.T T ransfer of the T-DNA complex from A. tumefaciens to eukaryotesT..18 
T1.2.6.T T -DNA transfer inside the eukaryotic host T ..........................................22 
T1.2.6.1.T TPlant genes affecting the T-DNA nuclear import T ........................24 
T1.2.6.2.T TPlant genes affecting T-DNA integration into the plant genomeT 28 
 III
T1.2.6.3.T TYeast genes involved in Agrobacterium-mediated transformationT
.....................................................................................................30 
T1.3.T TObjectives of this studyT........................................................................33 
TChapter 2.T TGeneral Materials and MethodsT ...........................................................35 
T2.1.T TBacterial strains and plant speciesT .......................................................35 
T2.2.T TYeast strainsT .........................................................................................35 
T2.3.T TCulture mediumT ...................................................................................35 
T2.4.T TAntibiotics and other stock solutions T ...................................................35 
T2.5.T TPlasmids T ...............................................................................................36 
T2.6.T TPrimersT .................................................................................................36 
T2.7.T TDNA manipulationsT .............................................................................43 
T2.7.1.T TPlasmid DNA preparation from E. coliT................................................43 
T2.7.2.T TPlasmid DNA preparation from A. tumefaciensT ..................................43 
T2.7.3.T T he total DNA preparation from S. cerevisiaeT ....................................44 
T2.7.4.T TDNA digestion and ligation T .................................................................45 
T2.7.5.T TPolymerase chain reaction (PCR) T ........................................................45 
T2.7.6.T TYeast colony PCRT ................................................................................46 
T2.7.7.T TDNA gel electrophoresis and purificationT ...........................................47 
T2.7.8.T TDNA sequencingT ..................................................................................48 
T2.7.9.T TPreparation of E.coli competent cellsT ..................................................50 
T2.7.10.T TIntroduction of plasmid DNA into E. coliT ...........................................50 
T2.7.11.T TIntroduction of plasmid DNA into A. tumefaciens by electroporationT 51 
T2.7.12.T TIntroduction of plasmid DNA into S. cerevisiaeT..................................52 




T3.2.T TMaterials and MethodsT.........................................................................55 
T3.2.1.T TAgrobacterium-mediated transformation of S. cerevisiaeT ...................55 
T3.2.2.T TPCR-mediated one-step gene disruption T..............................................58 
T3.2.3.T T he yeast mating assayT ........................................................................59 
T3.3.T TResults and discussionT .........................................................................61 
T3.3.1.T T he effects of cell-cycle inhibitors on Agrobacterium-yeast gene 
transferT .................................................................................................61 
T3.3.2.T TYeast bar1 mutant cells treated by α-factor are supersensitive to 
Agrobacterium-mediated transformationT.............................................67 
T3.3.3.T T he effects of pheromone signaling on Agrobacterium-yeast gene 
transferT .................................................................................................74 
T3.3.4.T T he effects of pheromone responsive effectors on Agrobacterium-yeast 
gene transfer T.........................................................................................81 
T3.3.5.T T he pheromone-stimulated Agrobacterium-yeast gene transfer is 
correlated with yeast matingT ................................................................84 
T3.3.6.T TYeast mating pheromone may stimulate LiAc-mediated transformation 
of yeast cells T.........................................................................................87 
T3.3.7.T TYeast genetic profiles in response to the mating pheromone treatment T
..............................................................................................................90 
T3.3.8.T T he effects of representative pheromone responsive yeast genes on 
Agrobacterium-yeast gene transferT ......................................................96 
T3.3.9.T T he effects of three membrane trafficking systems on Agrobacterium-
yeast gene transferT..............................................................................101 
T3.4.T TConclusionsT........................................................................................114 
TChapter 4.T TDetection of Agrobacterium-yeast gene transfer using fluorescent 
protein reportersT ......................................................................................................115 
T4.1.T TIntroductionT........................................................................................115 
T4.1.1.T TOverview of the reporter systems for detecting T-DNA transfer inside 
eukaryotic hostsT .................................................................................115 
T4.1.2.T TIntroduction to fluorescent proteinsT ...................................................120 
T4.2.T TMaterials and MethodsT.......................................................................123 
 V
T4.2.1T TPreparation of the T-DNA constructs with fluorescent protein reportersT
............................................................................................................123 
T4.2.2T TDetection of fluorescent protein-labeled yeast cellsT ..........................126 
T4.2.3T TDetection of Agrobacterium-yeast gene transfer by FACST ...............126 
T4.3.T TResults and discussionT .......................................................................126 
T4.3.1.T TComparison of fluorescent protein reporters for FACS analysesT ......126 
T4.3.2.T TComparison of T-DNA constructs by the plating assayT ....................133 
T4.3.3.T TComparison between the plating assay and FACS for detecting 
Agrobacterium-yeast gene transferT ....................................................140 
T4.4.T TConclusionsT........................................................................................146 
TChapter 5.T TMembrane trafficking systems are involved in the T-DNA transfer 
inside host cells T .........................................................................................................147 
T5.1.T TIntroductionT........................................................................................147 
T5.2.T TMaterials and MethodsT.......................................................................151 
T5.2.1.T T obacco BY-2 cell suspension culture and subcultureT ......................151 
T5.2.2.T TAgrobacterium-mediated transformation of tobacco BY-2 cells T.......151 
T5.2.3.T TAgrobacterium-mediated transformation of tobacco BY-2 protoplastsT
............................................................................................................152 
T5.2.4.T TPCR analyses of tobacco BY-2 cells cocultivated with A. tumefaciensT
............................................................................................................152 
T5.2.5.T TSubcellular fractionation of BY-2 cells cocultivated with A. 
tumefaciensT ........................................................................................153 
T5.2.6.T T he GUS assayT...................................................................................153 
T5.2.7.T T he S1 nuclease digestion assayT ........................................................155 
T5.3.T TResults and discussionT .......................................................................155 
T5.3.1.T T he time course of T-DNA transfer inside tobacco BY-2 protoplastsT
............................................................................................................155 
T5.3.2.T T he time course of T-DNA transfer inside tobacco BY-2 cells T.........159 
 VI
T5.3.3.T TEvidence for the presence of T-DNA inside the membrane vesicles of 
tobacco BY-2 cellsT .............................................................................163 
T5.4.T TConclusionsT........................................................................................167 
TChapter 6.T TGeneral conclusions and future workT ................................................169 
T6.1.T TGeneral conclusionsT ...........................................................................169 





In nature, Agrobacterium tumefaciens can transfer its oncogenic T-DNA into 
plant cells.  Under laboratory conditions, the bacterium can also genetically transform 
yeast, fungal, and mammalian cells.  Cellular mechanisms regulating the inter-
kingdom genetic transformation by A. tumefaciens are not restricted to the T-DNA 
delivery machineries.  It was shown that the bacterial cells were able to transfer 
conjugative DNA into various host organisms, suggesting that T-DNA transfer is 
initiated by the bacterium in a manner mechanistically similar to a conjugation 
process.  However, it is unknown whether the T-DNA is taken up by eukaryotic cells 
in an active or passive manner and how its movement is facilitated inside the 
eukaryotic cytoplasm.   
In this study, it was shown that the yeast mating pheromone α-factor could 
increase the efficiency of Agrobacterium-yeast gene transfer by up to 100 folds.  This 
stimulation required the induced expression of pheromone responsive yeast genes. 
This indicates that an active process involving mating genes can enhance the 
competency of yeast cells to receive T-DNA and that the T-DNA movement inside 
eukaryotic cells is analogous to the mating process.  It was further shown that the α-
factor treatment was able to stimulate the LiAc-mediated transformation of yeast cells, 
suggesting that the yeast mating pheromone can generally stimulate the competency 
of yeast cells to accommodate foreign DNA in an active manner designed for the 
mating process. 
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The effects of 17 pheromone responsive genes on Agrobacterium-yeast gene 
transfer were studied.  These genes are related to the chromosome maintenance and 
DNA repair and the membrane trafficking. Three pheromone responsive membrane 
trafficking systems were identified to be involved in the Agrobacterium-yeast gene 
transfer process, including the Ypk1p-mediated endocytosis, the Vps15p-mediated 
vacuolar protein sorting and the Vps51p-mediated protein recycling.  To analyze more 
yeast genes involved in the T-DNA transfer process, a new method for detecting 
Agrobacterium-yeast gene transfer was developed in this study.  With the assistance 
of fluorescence-activated cell sorting (FACS) technology, the fluorescent protein 
yEmCitrine (CFP) was shown to be able to quantify the efficiency of Agrobacterium-
yeast gene transfer.  This reporter system can be further used to perform large-scale 
screening for host factors affecting Agrobacterium-yeast gene transfer. 
To elucidate the involvement of membrane trafficking systems in the T-DNA 
transfer process inside host cells, the presence and distribution of T-DNA molecules 
in the host cells were examined in this study.  It was shown that T-DNA molecules 
extracted from the tobacco BY-2 cells after cocultivated with A. tumefaciens were 
protected from S1 nuclease digestion.  Only after the treatment with Triton X-100 
used to dissolve membrane structures, the T-DNA molecules could be digested by S1 
nuclease.  Results from the size-exclusion assay based on the filtering effects and the 
subcellular fractionation assay further showed that the T-DNA molecules extracted 
from tobacco BY-2 cells were present in different membrane vesicles with different 
particle sizes and densities.  These observations indicate that T-DNA molecules may 
exist inside membrane vesicles before they are transferred into the host nucleus. 
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Chapter 1. Literature review 
1.1. Overview of Agrobacterium-eukaryote gene transfer 
Agrobacterium tumefaciens, a gram-negative soil bacterium, is an important 
biological vector for the genetic modification of crop plants.  In laboratories, A. 
tumefaciens can be used to realize more practical applications than what people can 
ever imagine. 
A. tumefaciens was firstly identified as a plant pathogen in 1907 (Smith and 
Townsend, 1907).  In nature, it can recognize and attack the wounded sites of plants 
and deliver a part of its virulence DNA (T-DNA) into plant cells.  The infected plant 
cells may undergo uncontrolled tumorous growth and form tumor organisms called as 
crown galls (Gelvin, 2003a).  Under certain conditions, the oncogenes within the 
tumor-inducing plasmids (Ti plasmids) can be replaced by other DNA fragments for 
the purpose of genetic modification of the targeted plant cells.  Thus A. tumefaciens is 
commonly used to transform plant cells and genetically modify their physiological 
attributes.  
Other than transforming plants, A. tumefaciens is able to transform many 
eukaryotic organisms such as yeast (Bundock et al., 1995), fungi (de Groot et al., 
1998) and mammalian cells (Kunik et al., 2001).  Therefore, A. tumefaciens has the 
potential to be a universal gene-delivery vector.  The application of A. tumefaciens 
should not be restricted to the transformation of plants.  
In addition to DNA transfer, A. tumefaciens is also capable of delivering its 
virulent proteins into host cells independently.  Such virulence proteins can be fused 
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with functional proteins, i.e. enzymes and transporter proteins which could be 
functional inside host cells.  Thus A. tumefaciens can be used as a vector for protein 
transfer or protein therapy (Vergunst et al., 2000). 
Recent years, extensive efforts have been made to extend the host range of 
Agrobacterium-mediated transformation.  More details will be discussed in the later 
sections. 
1.1.1. Agrobacterium-plant gene transfer 
The gram-negative soil bacterium A. tumefaciens is a ubiquitous soil borne 
pathogen for plant Crown Gall disease.  In nature, its host range covers various 
species of the plant kingdom, including more than 600 types of plants (Gelvin, 2003a).  
At the beginning of last century, A. tumefaciens was firstly identified as the bacterial 
origin of the Crown Gall disease (Smith and Townsend, 1907).  Naturally, it is able to 
infect up to 56% of the gymnosperms and 58% angiosperms including 8% of 
monocotyledons, and induce tumors at the wound sites on plant stems, crowns and 
roots.  Crown Gall disease may cause significant reduction of crop yield in many 
perennial horticultural crops such as cherry, grape and apple (de Cleene, 1979; 
Kennedy, 1980).  Pioneering studies have shown that the crown gall is essentially 
caused by a tumor-inducing (Ti) plasmid (Van Larebeke et al., 1974; Zaenen et al., 
1974).  Southern blotting analyses further confirmed that the bacterial DNA encoding 
genes for tumor formation was located within the T-region of Ti plasmid, which was 
referred as the transferred DNA (T-DNA) (Chilton et al., 1977; Chilton et al., 1978; 
Depicker et al., 1978).  Once T-DNA is transferred into the plant cell, it may encode 
enzymes for synthesis of plant hormones such as auxin and cytokinin, accumulation 
of which causes uncontrolled cell proliferation, thus forming tumors.  Another 
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outcome of T-DNA transfer are the synthesis of opines, some strain-specific low 
molecular weight amino acids and sugar phosphate derivatives, which can be 
metabolized and utilized by the infecting A. tumefaciens cells (Ziemienowicz, 2001).   
Understanding of the molecular bases of T-DNA production and delivery leads 
to the establishment of an important modern transgenic biotechnique, Agrobacterium-
mediated transformation.  In 1983, A. tumefaciens was firstly used as a gene delivery 
vector to produce the first transgenic plant, which proved that the integration and 
expression of foreign T-DNA in plant cells did not interfere with normal plant cell 
growth (Zambryski et al., 1983). 
Compared to other mobile transgenic elements, i.e. transposons and retroviruses, 
T-DNA doesn’t encode any proteins for its production inside bacterial cells, delivery 
into plant cells and integration into plant genome.  Thus it can be replaced by any 
genes of interest and used for genetic modifications of the targeted plants.  To date, 
Agrobacterium-mediated transformation has become not only an efficient transgenic 
method for bioengineering but also an important model system for the research on 
basic biological mechanisms underlying the inter-kingdom genetic transformation.   
A major limitation for Agrobacterium-mediated transformation is that it is 
difficult to transform a few species of dicotyledonous plants and most species of 
monocotyledonous, especially some commercially valuable crop species.  Recent 
years, extensive efforts have been made to expand the host range and practical 
applications of Agrobacterium-mediated transformation.  On the first hand, the 
accomplishment of A. tumefaciens genome sequencing and better understanding of A. 
tumefaciens biology enable scientists to develop supervirulent A. tumefaciens strains 
and the T-DNA constructs for more efficient transformation; on the other hand, 
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discoveries of host factors affecting the transformation process and development of 
tissue-culture and cocultivation techniques also contribute to the successful 
transformation of many plant species previous thought to be recalcitrant to the 
Agrobacterium-mediated transformation (Gelvin, 2003b).  To date, scientists have 
successfully transformed tobacco (Lamppa et al., 1985), potato (Stiekema et al., 
1988), rapeseed (Charest et al., 1988), maize (Chilton, 1993), rice (Hiei et al., 1994), 
soybean (Chee and Slightom, 1995), pea (Schroeder et al., 1995), wheat (Cheng et al., 
1997) and barley (Tingay et al., 1997) etc. 
Nowadays, more and more agronomically and horticulturally important plant 
species can be routinely transformed by A. tumefaciens.  Thus the list of plant species 
that can be genetically transformed by A. tumefaciens is rapidly expanding, which 
makes the unique inter-kingdom transformation system uprise as the most powerful 
genetic tool for the generation of transgenic plant species. 
1.1.2. Agrobacterium-yeast gene transfer 
As a universal genetic transformation vector for both DNA and protein delivery, 
extensive efforts have been made to elucidate the molecular and cellular mechanisms 
involved in Agrobacterium-mediated transformation.  To date, people have obtained a 
relatively comprehensive understanding of bacterial factors that affect the induction, 
processing and transport of the T-DNA complexe (Gelvin, 2003a).  But it is much 
more difficult to study host factors considering the difficulties in modifying and 
manipulating eukaryotes. Thus yeast, a facile eukaryotic model organism, is 
becoming an important host model for the study of host factors important for 
Agrobacterium-eukaryote gene transfer (Bundock et al., 1995).   
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As the simplest eukaryotic organism, the budding yeast Saccharomyces 
cerevisiae was firstly proven to be susceptible to Agrobacterium-mediated 
transformation in 1995, which was also the first report of a non-plant host for A. 
tumefaciens (Bundock et al., 1995).  It was later shown that the genetic transformation 
of yeast by A. tumefaciens can be realized through conjugative mechanisms (Sawasaki 
et al., 1996), just like the previously identified inter-kingdom genetic transformation 
from E. coli to S. cerevisiae (Heinemann and Sprague, 1989).  Although the genetic 
transformation of yeast by A. tumefaciens or E. coli can only be realized in 
laboratories unlike the transformation of plants, these observations strongly indicate 
the possible linkage between the Agrobacterium-mediated transformation and the 
bacterial conjugation, which should share some common regulatory mechanisms.  
Therefore the advantages of the yeast S. cerevisiae model such as rapid growth, ease 
of genetic modification and the comprehensive collections of mutant libraries, make it 
an intriguing model organism for understanding host factors involved in the unique 
inter-kingdom genetic transformation by A. tumefaciens.   
Similar to the transformation of plants, the transfer of T-DNA into yeast cells is 
also dependent upon sufficient induction and the expression of virulence genes, which 
suggests the indispensable roles of A. tumefaciens T-DNA transfer mechanisms for 
the transformation of yeast by A. tumefaciens.  To accomplish the T-DNA transfer 
into yeast cells, acetosyringone, a plant-originated phenolic compound which is 
responsible for vir gene expression, is absolutely required.  Just like Agrobacterium-
plant gene transfer, A. tumefaciens mutant strains such as virD2 and virE2 mutant 
strains were unable or had much attenuated capability to transform S. cerevisiae cells, 
which further confirmed that Agrobacterium-mediated transformation of plant and 
yeast cells is regulated by the same bacterial virulence mechanisms (Piers et al., 1996).  
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The major difference between Agrobacterium-mediated transformation of plant 
and yeast cells is the T-DNA delivery and integration process inside the host cells.  
For example, T-DNA can be integrated into the yeast genome via homologous 
recombination mechanisms with a relatively higher efficiency than that of the 
transformation of plants, if the T-DNA contained certain sequence homology to the 
yeast genome (Bundock et al., 1995).  On the contrary, if there was not sequence 
homology between T-DNA and the yeast genome, T-DNA was able to integrate into 
the host genome via the non-homologous recombination pathway (Bundock and 
Hooykaas, 1996).  If a yeast replication origin sequence such as the 2µ replication 
origin or ARS (autonomous replication sequence) was combined into the T-DNA 
region, the T-DNA molecular could recircularize after delivered into the yeast nucleus 
and form a yeast plasmid which could stably replicate and exist inside the yeast cell 
(Bundock et al., 1995; Piers et al., 1996).  Moreover, the T-DNA fragment flanked by 
two yeast telomere sequences could stably exist inside the yeast nucleus as a 
minichromosome (Piers et al., 1996).  In contrast to the yeast host, there is not 
replication origin sequence ever observed in plant, and T-DNA is mostly integrated 
into the plant genome via non-homologous (illegitimate) recombination.  Therefore, 
by comparing the yeast model to plant, we should be able to find out promising plant 
factors previously unknown or difficult to be identified in plant, which can be used to 
expand the host range and increase the efficiency of Agrobacterium-mediated 
transformation.   
Recent discoveries in the yeast models have provided us much valuable 
information about host factors affecting Agrobacterium-eukaryote gene transfer 
(Lacroix et al., 2006).  It was firstly shown in the yeast model that two enzymes, 
Rad52p and Ku70p, play a dominant role in deciding the integration of T-DNA into 
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the yeast genome (van Attikum et al., 2001; van Attikum et al., 2003).  The facts that 
the illegitimate recombination pathway was blocked in the ku70 mutant cells and the 
homologous recombination pathway was blocked in the rad52 mutant cells lead to the 
development of T-DNA integration model, which may help us to direct the integration 
pathway of Agrobacterium-eukaryote gene transfer.  In yeast, Yku70p and Yku80p 
form a heterodimer protein complex which plays multiple roles in HTDNA metabolismTH 
(Bertuch and Lundblad, 2003a).  The Ku heterodimer functions to maintain genome 
stability by mediating HTDNA double-strand break (DSB) repair via nonhomologous 
end-joining (NHEJ)TH, and are required for HTtelomere maintenanceTH (Bertuch and 
Lundblad, 2003b).  The Ku complex is widely conserved in many eukaryotic 
organisms including the plant model organism Arabidopsis thaliana.  Recently it was 
shown that AtKU80, an A. thaliana homologue of the yeast Yku80p, can directly 
interact with a double-stranded intermediate of T-DNA in the plant cell (Li et al., 
2005b).  The ku80 mutants of A. thaliana were defective in T-DNA integration in 
somatic cells, whereas KU80-overexpressing plants showed increased susceptibility 
to Agrobacterium-mediated transformation. 
Through a large-scale screen of 100,000 transposon generated yeast mutants, the 
de novo purine biosysthesis pathway was found to greatly affect the Agrobacterium-
yeast gene transfer (Roberts et al., 2003).  Yeast cells deficient in adenine 
biosynthesis were shown to be hypersensitive to Agrobacterium-mediated 
transformation.  Consistent with the observations in the yeast model, several plant 
species such as A. conyzoides, N. tabacum, and A. thaliana were more sensitive to 
Agrobacterium-mediated transformation when treated with mizoribine, a purine 
synthesis inhibitor, and azaserine and acivicin, two inhibitors for purine and 
pyrimidine biosynthesis in plants.  
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1.1.3. Agrobacterium-mediated transformation of fungi 
Similar to the yeast S. cerevisiae, some fungal species can also be transformed 
by A. tumefaciens.  It was shown that the genetic transformation of fungi mediated by 
A. tumefaciens was dependent upon most prerequisites required for Agrobacterium-
yeast gene transfer, and the T-DNA integration process was regulated by either 
homologous or non-homologous recombination mechanisms (de Groot et al., 1998; 
Gouka et al., 1999).  To date, more and more fungal species have been shown to be 
susceptible to Agrobacterium-mediated transformation.  For some fungal species that 
are recalcitrant to traditional genetic modification methods (e.g., LiAc-mediated gene 
knock-down and plasmid reshuffling mutagenesis), Agrobacterium-fungus gene 
transfer could be a promising alternative to those traditional protocols.  T-DNA could 
be efficiently integrated into the fungal genome as a single copy via homologous 
recombination.  Therefore Agrobacterium-fungus gene transfer should be helpful for 
scientists to carry out large-scale targeted and random mutagenesis in fungi (Meyer, 
2008; Michielse et al., 2005). 
1.1.4. Agrobacterium-mediated transformation of mammalian cells 
The host range of Agrobacterium-eukaryote gene transfer was further extended 
to mammalian cells in 2001 (Kunik et al., 2001).  It was shown that A. tumefaciens 
was able to deliver its T-DNA into HeLa cells which was further integrated into the 
host genome.  The transformation efficiency was about 1.6 × 10 P-5 P.  Bacterial mutant 
strains such as virA, virB, virG, virD, virE, chvAP Pand chvB mutant cells were unable to 
transform HeLa cells, suggesting that TA. tumefaciensTP Ptransforms human cells 
following a mechanism similar to what it is using for the transformation of plant cells. 
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THowever Agrobacterium-mediated transformation of mammalian cells is 
distinguished from the transformation of plants in several aspects.  Firstly, A. 
tumefaciens was T still able to transform HeLa cells at 37°C.  Such a temperature may 
destabilize the VirB pilli and disable the transforming capability of A. tumefaciens for 
plant cells.  Secondly, the induction was not necessary for TA. tumefaciensT to transform 
mammalian cells.  Without induction, the T-DNA transfer machinery cannot be 
established and A. tumefaciens will totally abolish the transforming capability for 
plants.  Therefore how T-DNA is transferred into mammalian cells is still open for 
further studies. 
1.2. Molecular mechanisms involved in Agrobacterium-eukaryote 
gene transfer 
Other than a plant pathogen, A. tumefaciens is also an important vector for the 
genetic modification of eukaryotic cells.  A better understanding of the molecular 
bases of Agrobacterium-eukaryote gene transfer can help us to greatly extend the 
utilization of A. tumefaciens as a diverse vector for DNA and proteins.  Starting from 
the mid of last century, extensive efforts have been made to elucidate cellular factors 
participating in Agrobacterium-eukaryote gene transfer.  More details about 
Agrobacterium-mediated transformation and cellular factors involved in the unique 
inter-kingdom genetic transformation process will be discussed in the following 
sections. 
1.2.1. Chemotaxis of A. tumefaciens 
A. tumefaciens is a motile peritrichous bacterium with a deliberately developed 
chemotaxis system.  Some phenolic compounds act as the chemotactic agents that 
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attract A. tumefaciens cells to the wounded sites of plants (Ashby et al., 1988).  
Sugars and amino acids secreted from a wounded plant were also able to attract A. 
tumefaciens cells (Hawes and Smith, 1989).  A. tumefaciens strains deficient in 
motility and chemotaxis were almost as virulent as the wild-type (WT) strains when 
inoculated by direct immersion into the inoculum followed by a growth for 2 weeks in 
the moist growth pouches. Whereas when incubated with the wounded seedlings in 
air-dried soil, those mutant strains were completely avirulent, indicating that motility 
and chemotaxis are critical to A. tumefaciens infection under the natural conditions 
(Hawes and Smith, 1989).  The majority of genes for the chemotactic responses in A. 
tumefaciens are supposed to be chromosomally encoded, since the WT A. tumefaciens 
strains without Ti plasmids still exhibited chemotaxis toward excised root tips from 
all plant species tested and toward the root cap cells of pea and maize (Parke et al., 
1987).  However, the chemotactic responses to some phenolic compounds, for 
example acetosyringone, a strong inducer for vir genes could be regulated specifically 
by two regulatory virulence genes virA and virG, which are located on the Ti plasmid 
(Ashby et al., 1988; Shaw et al., 1988).  
1.2.2. vir gene induction in A. tumefaciens 
Most of the genes involved in Agrobacterium-mediated transformation are 
found within the vir region on the Ti plasmid.  This vir region comprises eight 
operons (virA, virB, virC, virD, virE, virG, virF and virH), encoding approximate 25 
virulence proteins.  Different operons encode different numbers of virulence proteins, 
for example virA, virG and virF encode only one protein; virC, and virH encode two 
proteins; virE encodes three proteins; virD encodes four proteins and virB encodes 
eleven proteins.  Besides the two virulence proteins encoded by virH, all other 
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virulence proteins are essential for Agrobacterium-eukaryote gene transfer, and are 
involved in the T-DNA processing, transport and integration.  Among all the 
virulence proteins, only VirA and VirG are constitutively expressed.  Mutations in 
virA resulted in the attenuated induction, whereas mutations in virG could eliminate 
the induction of virulence genes (Stachel and Zambryski, 1986).   The complex of 
VirA and VirG represents a two-component gene-regulatory system. VirA is a trans-
membrane protein which can detect subtle changes in the environment.  The 
autophosphorylation of VirA in response to signaling compounds released from 
wounded plants leads to the activation of its intracellular partner, VirG protein.  
Phosphorylated VirG in turn becomes the transcriptional activator of all the A. 
tumefaciens vir genes, including itself (Das, 1994).  
Partially purified extracts of the conditioned medium coming from root cultures 
can also induce the expression of vir operons, demonstrating that the vir-inducing 
factors are some diffusible plant cell metabolites.  By screening 40 plant-derived 
chemicals, seven simple plant phenolic compounds were identified to possess the vir-
inducing activity (Bolton et al., 1986).  Most of these vir-inducing phenolic 
compounds are needed to make lignin, a plant cell wall polymer.  The best 
characterized and most effective vir gene inducers are acetosyringone (AS) and 
hydroxy-acetosyringone from the tobacco cells or roots.  Without the addition of AS, 
only virA and virG were expressed at the significant levels.  Upon AS treatment, the 
expression of virB, virC, virD, virE and virG could be induced to high levels 
(Engstrom et al., 1987).  Specific compositions and effectiveness of phenolic 
compounds secreted from different plants were supposed to be relevant to the host 
specificity of A. tumefaciens strains (Sheng and Citovsky, 1996).  
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Monosaccharides such as glucose, arabinose, galactose, xylose and fucose may 
also induce vir gene expression, when plant phenolic compounds are absent.  Some 
non-metabolizable sugars, such as 2-deoxy-D-glucose and 6-deoxy-D-glucose, may 
also induce the expression of vir genes, indicating that A. tumefaciens may not benefit 
from the induced vir gene expression.  The induction of vir genes by sugars was 
shown to be mediated by ChvE, a chromosomally encoded protein homologous to 
Escherichia coli sugar-binding proteins (Cangelosi et al., 1990). Among all the sugar 
inducers, D-glucuronic acid and D-galacturonic acid are the most potent ones. 
Acidic pH and relatively low temperature are also important for vir gene 
induction in A. tumefaciens.  A successful induction requires the acidic pH value 
lower than 6.0.  Generally, a range of pH 5.0 to pH 5.5 may produce the optimal vir 
gene induction.  It still remains elusive how environmental pH regulates vir gene 
induction.  ChvG, a chromosomally encoded protein, was identified as a global pH 
sensor which was important for the expression of virB and virE genes (Li et al., 
2002a).  It was also suggested that the temperature higher than 32ºC may render 
conformational changes of VirA and inactivate its regulatory function (Jin et al., 
1993). 
1.2.3. Attachment of A. tumefaciens to the host cells 
An early step in Agrobacterium-eukaryote gene transfer is the attachment of 
bacterial cells to the host cells.  This step may occur prior to or concomitantly with 
the vir gene induction. To date, people have identified a large number of bacterial 
genes that are involved in the attachment step, most of which are chromosomal genes. 
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Genes involved in the binding of A. tumefaciens to plant cells are mainly located 
on two regions of the bacterial chromosome, which regulate a two-step attachment 
process. Binding in the first step is weak and reversible because the bacterial cells 
could be easily washed off from the wounded sites of plant cells via shear forces.  
Genes involved in this step were identified to locate on the att region (more than 20 
kb in size) of the bacterial chromosome.  Mutations of genes in this region may cause 
A. tumefaciens totally avirulent (Matthysse and McMahan, 1998).  
There are two kinds of mutations in the att region.  Some att mutants can regain 
the ability to attach to and infect plant cells by supplementing conditioned medium.  
This kind of att genes is homologous to the ABC transporters and transcriptional 
regulator as well as some closely linked downstream genes.  On the contrary, some 
mutations in the att region cannot be reversed by the conditioned medium.  Such 
genes are homologous to transcriptional regulators and biosynthetic genes, which 
affect the synthesis of surface molecules necessary for the bacterial attachment to 
plant cells (Matthysse and McMahan, 1998; Matthysse et al., 2000; Reuhs et al., 
1997). 
In contrast, binding in the second step appears to be much stronger, since the 
bacterial binding to plant cell surface cannot be washed off via shear forces.  Genes 
required for the bacterial attachment in this step locate on the bacterial chromosome 
near to but not contiguous with the att region (Robertson et al., 1988).  These genes 
are named as cel genes, required for the synthesis of cellulose fibrils which attract 
bacterial cells to the wounded plant cells.  Mutants of cel genes couldn’t synthesize 
cellulose fibrils and showed the reduced virulence consequently (Minnemeyer et al., 
1991). 
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Some other chromosomal virulence genes, for example chvA, chvB, and pscA 
(exoC) were supposed to indirectly affect the bacterial attachment to plant cells 
(Cangelosi et al., 1987; Douglas et al., 1982; O'Connell and Handelsman, 1989).  
These genes are required for synthesizing, processing, and exporting a cyclic β-1,2-
glucan, which is involved in the bacterial attachment to plant cells.  Mutations in chvA, 
chvB, and pscA (exoC) caused a 10-fold decrease in the bacterial attachment to 
mesophyll cells and strongly attenuated the virulence (Kamoun et al., 1989; 
Puvanesarajah et al., 1985; Thomashow et al., 1987).  ChvB is involved in the 
biosynthesis of cyclic β-1,2-glucan (Zorreguieta and Ugalde, 1986), whereas ChvA is 
related to the export of cyclic β-1,2-glucan from the cytoplasm to the periplasm and 
extracellular fluid (Cangelosi et al., 1989). 
In addition to bacterial genes, some host factors are also important for the 
attachment of A. tumefaciens to plant cells.  Two plant cell wall proteins: a 
vitronectin-like protein (Wagner and Matthysse, 1992) and a rhicadhesin-binding 
protein (Swart et al., 1994), were supposed to mediate the bacterial attachment to 
plants.  Vitronectin was first identified as an animal receptor that could be utilized by 
several pathogenic bacterial strains (Reilly and Nash, 1988).  A vitronectin-like 
protein was further found in several A. tumefaciens plant hosts (Sanders et al., 1991).  
It was found that antibodies against vitronectin were able to inhibit the binding of A. 
tumefaciens to plant tissues.  Some A. tumefaciens mutant strains lacking the 
capability of binding to plants, such as the chvB, pscA and att mutants, showed the 
decreased binding ability to vitronectin.  Thus, the plant vitronectin-like protein may 
play a role in the bacterial attachment to the plant cell (Wagner and Matthysse, 1992). 
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Genetic screens for the A. thaliana T-DNA insertion mutants led to the 
identification of several plant genes involved in the bacterial attachment. Two A. 
thaliana mutants, rat1 and rat3 (mutants resisting to Agrobacterium-mediated 
transformation), were found to be resistant to the bacterial attachment (Nam et al., 
1999).  Furthermore, rat4, a mutant of the cellulose synthase-like gene CSLA9, was 
also found to be resistant to the bacterial attachment (Zhu et al., 2003). 
1.2.4. Formation of the T-DNA complex 
Sensing signalling compounds released from the wounded plants by A. 
tumefaciens will generate a cascade of downstream events. The two-component gene-
regulatory system, virA and virG, is firstly activated and in turn stimulates the 
expression of all other virulence proteins necessary for Agrobacterium-eukaryote 
gene transfer.  Some Vir proteins such as VirC, VirD and VirE produce the transfer 
intermediate, a linear single-stranded (ss) DNA fragment called T-DNA or T-strand. 
The T-strand is derived from the bottom (coding) strand of the T-region on the Ti 
plasmid and was supposed to remain a single copy in one A. tumefaciens cell (Stachel, 
1986).  
The T-DNA is delimited by two 25-bp imperfect direct repeats, known as T-
borders.  Because any DNA fragments between T-borders can be transferred into 
plant cells as the single-stranded DNA molecules and may be integrated into the plant 
genome, transformation vectors harboring T-borders have been used widely to 
facilitate the generation of transgenic plants.   
In vivo, VirD2, together with VirD1, is sufficient for T-DNA processing in both 
E.coli and A. tumefaciens.  VirD2 is an endonuclease, which cleaves the bottom 
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strand of the T-DNA at the right T-border and covalently binds to the 5’ end of the 
nicked DNA (Jasper et al., 1994; Pansegrau et al., 1993).  This endonuclease domain 
lies in the N-terminal 228 aa of VirD2 and is the only known highly conserved 
domain in VirD2 besides the two short NLS regions near to the C-terminus.  After the 
excised ss T-DNA is removed, the resulting single-stranded gap in the T-region will 
be quickly repaired.  The association of VirD2 with the 5´-end of the ss T-DNA was 
believed to prevent the exonucleolytic attack to the 5´-end of the T-DNA 
(Durrenberger et al., 1989) and distinguish the 5’ end as the leading end of the T-
DNA complex during transfer.  The VirD2-catalyzed cleavage of T-DNA border 
sequence is dependent on the presence of MgP2+P.  The oligonucleotide cleavage 
catalyzed by VirD2 is an equilibrium reaction that allows specific linkage of cleavage 
products. VirD2 site-directed mutations indicated that the tyrosine 29 was required for 
the association of VirD2 with the 5’ end of T-DNA (Vogel and Das, 1992). 
VirD1 may assist the endonuclease activity of VirD2 through its interaction with 
the right T-border, where ssDNA is originated.  This interaction can induce local 
double helix DNA destabilization and provide a single-stranded loop substrate for 
VirD2 (Ghai and Das, 1989).  Although In vitro studies have shown that VirD2 alone 
is enough for mediating the precise cleavage of T-borders carried by the ssDNA 
templates, VirD1 is supposed to be essential for the cleavage of T-borders on Ti 
plasmids or supercoiled DNA substrates by VirD2.   
Another factor, VirC1, was found to increase the efficiency of T-strand 
production when VirD1 and VirD2B Bproteins were limited (De Vos and Zambryski, 
1989).  It can specifically recognize and bind to an enhancer or overdrive sequence 
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next to the right T-border, found on many Ti plasmids.   For the optimal T-DNA 
formation, this additional VirC1-mediated function appears to be non-redundant. 
After the processing of T-DNA from Ti plasmids, VirE2 subsequently coated 
the ss T-DNA along its entire length, forming the so called T-DNA complex 
(Citovsky et al., 1989; Gietl et al., 1987; Sen et al., 1989).  As a non-sequence-
specific ssDNA binding protein, VirE2 canP Pprotect T-DNA from potential nucleolytic 
attacks.  However, other evidence suggests that the VirE2 protein might function 
primarily in plant cells but not in A. tumefaciens because plants expressing VirE2 
could be successfully transformed by A. tumefaciens lacking VirE2 (Citovsky et al., 
1992). In addition, the observation that virE2 mutants could transfer T-DNA into 
plant cells also showed that VirE2 was not essential for the export of T-DNA 
(Yusibov et al., 1994).  All these data appear to support that T-DNA may not be 
packaged by VirE2 in the bacterial cell.  At least, the packaging of T-DNA inside A. 
tumefaciens by VirE2 is not necessary for the tumor formation.  
Another protein encoded by the virE operon is VirE1 which has a molecular 
weight of only 7 kDa.  VirE1 exhibits a number of properties for chaperone molecules 
involved in the protein transport (Deng et al., 1999).  Mutational analysis of VirE1 
showed that VirE1 was essential for the export of VirE2 to plants (Sundberg et al., 
1996).  A VirE1-deficient mutant possessing the normal amount of VirE2 and T-DNA 
was not infectious, however the VirE1-deficient mutant could be complemented by 
co-infection with a strain harboring both VirE1 and VirE2 but without T-DNA, 
indicating that VirE1 assists the export of VirE2 but not T-DNA.  In vitro, VirE1 
could bind to VirE2 strongly and prevent VirE2 from self-aggregation.  Analysis of 
various virE2 deletions showed that the VirE2 binding domain in VirE1 overlapped 
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the VirE2 self-interaction domain (Deng et al., 1999).  The VirE1 binding domain in 
VirE2 was further proven to be the same domain required for its binding to the single-
stranded DNA and the cooperative interactions (Sundberg and Ream, 1999), which 
indicates that VirE1 can prevent VirE2 from its binding to the T-strand.  The VirE1 
binding domain in VirE2 is located within its N-terminal domain.  VirE1 interacts 
with VirE2 to form a VirE1-VirE2 complex with a predicted 2:1 stoichiometry. 
Deletion of VirE1 had no effects on the transcription of VirE2 but decreased its 
translation, suggesting that VirE1 regulates the efficient translation of VirE2 in the 
context of expression from the native PBvirEB promoter (Zhao et al., 2001).  The fact that 
VirE1 is not essential for the translocation of VirE2 through the VirB/D4 transport 
system indicates that VirE1 may play a role in the stabilization of VirE2 by 
preventing VirE2 from premature interactions inside bacterial cells before its 
translocation into plant cells (Vergunst et al., 2003). 
1.2.5. Transfer of the T-DNA complex from A. tumefaciens to eukaryotes 
Once properly packaged, the T-DNA complex will be transferred from A. 
tumefaciens to plant cells through the type IV secretion system (T4SS).  The T4SS 
was initially identified as a DNA transporter system whose components are highly 
homologous to the conjugal transfer (tra) system of the conjugative IncN plasmid 
pKM101 (Christie et al., 1988).  T4SS is also known as the trans-membrane mating 
pair formation (Mpf) apparatus. The Mpf apparatus is composed of 11 to 13 core 
proteins, which form a pore/channel structure.  DNA and/or protein molecules can be 
transferred from the donor cell to the recipient cell through the Mpf apparatus.  The A. 
tumefaciens T4SS is the best-studied member in the T4SS family, members of which 
are still steadily increasing (Christie et al., 2005; Christie and Cascales, 2005).  
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In A. tumefaciens, the T4SS can not only transfer the T-DNA complex which 
has a VirD2 protein covalently attached to the 5’ end of T-DNA, but also deliver a 
number of effector proteins such as VirE2, VirE3 and VirF concomitantly or 
separately with the T-DNA complex (Cascales et al., 2005).  
The A. tumefaciens T4SS is composed of 11 VirB proteins (VirB1 to VirB11), 
products of the 9.5 kb virB operon, as well as VirD4, a product of the virD operon. 
The majority of VirB proteins are assembled as a membrane-spanning protein channel 
including both inner and outer membranes.  Within this channel, VirB4 and VirB11 
have nucleotide binding, ATPase and protein kinase sites that actively translocate the 
T-DNA complex into plant cells (Berger and Christie, 1993; Rashkova et al., 1997).  
10 VirB proteins (VirB2 to VirB11) are essential for the T-DNA transfer, whereas 
VirB1 may serve as a helper to increase the efficiency of T-DNA transfer (Berger and 
Christie, 1994; Chumakov and Kurbanova, 1998; Fullner, 1998).   
VirD4 is the coupling protein that links the T-DNA complex to the T4SS 
apparatus.  It has a periplasmic domain and a cytoplasmic nucleotide-binding domain, 
which are required for its polar localization.  The polar localization of VirD4 was not 
dependent on the T-DNA processing, the assembly of T4SS and the expression of 
other vir genes (Kumar and Das, 2002).  The subcellular locations and functions of all 
the VirB proteins and the VirD4 coupling factor are shown in table 1.1. 
During the T-DNA transfer from A. tumefaciens to plants, the Agobacterium 
T4SS delivers T-DNA and relevant effector proteins into plant cells.  It still remains 
elusive how the plant cell accepts the virulence factors from A. tumefaciens.  To 
answer this question, a yeast two-hybrid assay using VirB2 as the bait was carried out 
to identify its interacting partners in the A. thaliana cells.  Three VirB2-interacting 
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proteins (BTIs), BTI1, BTI2 and BTI3 and a membrane-associated GTPase, AtRAB8, 
were identified through this assay (Hwang and Gelvin, 2004). 
Besides their interactions with VirB2, these three BTI proteins could interact 
with each other and with AtRAB8 in vitro. After pre-incubated with 100 µg/ml of 
GST-BTI1 protein, the efficiency of Agrobacterium-mediated transformation of A. 
thaliana cells was decreased by 25%, which could be due to the competitive binding 
to VirB2 by the GST-BTI1.  Furthermore, the transgenic BTI and AtRAB8 plants 
containing the antisense or RNA interference constructs showed the decreased 
susceptibilities to the transformation by A. tumefaciens cells.  In contrast, the 
overexpression of BTI1 protein in the transgenic A. thaliana cells resulted in the 
increased susceptibilities to Agrobacterium-mediated transformation. The expression 
level of BTI1 was found to be transiently increased immediately after the A. 
tumefaciens infection.  Confocal microscopy further showed that the GFP-BTI fusion 
proteins preferentially localized to the periphery of root cells in the transgenic A. 
thaliana plants, suggesting that BTI proteins may contact the A. tumefaciens T-pili, 
which could play an important role in the T-DNA transfer from A. tumefaciens to A. 









Localization Biochemical property and/or 
proposed function 
VirB1 28.0 PP Peptidoglycan hydrolase; channel 
assembly 
  EX Cell-cell contact 
VirB2 12.3 IM/EX Pilin subunit, cell contact 
VirB3 11.6 OM Unknown 
VirB4 87.4 IM ATPase; energy provider for 
substrate export and pilus 
biogenesis 
VirB5 23.3 PP/ EX Unknown 
VirB6 31.8 IM Assembly factor 
VirB7 5.9 OM Functions together with VirB9 as 
a stabilization factor 
VirB8 26.4 IM Assembly factor; bridge between 
sub-complexes 
VirB9 32.1 OM Functions together with VirB7 as 
a stabilization factor 
VirB10 40.6 IM Bridge between IM & OM sub-
complexes 
VirB11 38.1 IM ATPase; energy provider for 
substrate export and pilus 
biogenesis 
VirD4 38  IM ATPase, coupler of DNA 




P Cited from Cascales and Christie, 2003; Lai and Kado, 2000. 
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1.2.6. T-DNA transfer inside the eukaryotic host 
In the past decade, huge efforts were endeavored for understanding the T-DNA 
transfer process inside the eukaryotic host.  To date, more and more host factors have 
been identified to be interacting with A. tumefaciens virulence factors.  More details 
about the host factors important for Agrobacterium-eukaryote gene transfer will be 
discussed in the later sections.   
A number of approaches have been adopted for the identification and 
characterization of host factors affecting Agrobacterium-eukaryote gene transfer.  One 
powerful tool is the yeast two-hybrid assay.  The rationale for using a yeast two-
hybrid system is that several A. tumefaciens virulent proteins can be transported into 
the host cells.  Thus those transported virulent proteins are expected to interact with 
specific host factors to facilitate the transformation process.  Such virulent proteins 
include VirD2, the covalently bond protein with T-DNA and VirE2, the single-
stranded DNA binding protein.  To date, many groups have been using the cDNA 
library of A. thaliana to study the interactions between A. tumefaciens virulence 
proteins and host factors (Gelvin, 2003b).  
Using VirD2 as the bait protein for the yeast two-hybrid assay, it was shown that 
the NLS sequences on VirD2 were required for the interaction between VirD2 and 
AtKAP, also named as importin-α1 (Ballas and Citovsky, 1997).  Importins are a 
group of proteins responsible for the nuclear import.  The identification of AtKAP as 
the VirD2 interacting partner inside the plant host enables us to understand how T-
DNA is transferred into the host nucleus.  
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VIP1 was firstly identified as a VirE2 interacting protein in Arobidopsis, which 
can interact with VirE2 in vitro when VirE2 was used as the bait for a yeast two-
hybrid assay (Tzfira et al., 2001).  It was further shown that the antisense inhibition of 
VIP1 expression resulted in a deficiency in the nuclear targeting of VirE2 and 
consequently the tobacco VIP1 antisense plants were highly recalcitrant to A. 
tumefaciens infection. Thus VIP1 may be involved in nuclear targeting of the VirE2-
T-DNA complex.  
Although the yeast two-hybrid assay can help us to find out some interesting 
candidates which could interact with A. tumefaciens virulence proteins in vitro, this 
method is not sensitive enough and the findings from a yeast two-hybrid assay still 
need to be confirmed using relevant plant mutants.  Nowadays, the generation of a 
plant mutant is still a tough work for plant scientists.  Therefore, it is important for 
scientists to look for alternative methods and model organisms. 
 Using the Agrobacterium-mediated transformation, scientists have built up an A. 
thaliana mutant library, which enabled scientists to carry out forward screens for the 
identification of A. thaliana mutants with altered susceptibilities to A. tumefaciens 
infection (Mysore et al., 2000; Yi et al., 2002).  But the forward screen is largely 
dependent on the methods and conditions for examining the mutant library, which is 
very laborious.  And definitely, the mutant library is not a complete one, since those 
essential but inviable plant mutants cannot be included. 
Considering that plants may respond specifically to A. tumefaciens infection, a 
large-scale screen using cDNA-amplification fragment length polymorphism (AELP) 
to identify differential gene expressions in response to A. tumefaciens infection was 
carried out (Ditt et al., 2001).  Using this method, scientists may directly observe the 
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changes in the gene expression levels without using any mutants.  But they found that 
most changes in the plant gene expression profiles in response to the A. tumefaciens 
infection were related to the anti-pathogen responses, not directly related to the 
transformation process.  
At present, it is still difficult for plant scientists to carry out plant genetic 
modifications on account of the difficulties in manipulating plants.  Because plant 
cells usually have long life cycles and the generation of site-specific plant mutants is 
still one of the toughest work for biological scientists.  To accelerate the identification 
of host factors involved in Agrobacterium-eukaryote gene transfer, scientists started 
to look for other suitable model organisms.  The yeast Sacchromyces cerevisiae 
represents the most attractive model organism, since yeast cells grow rapidly and can 
be easily manipulated.  In addition, a number of comprehensive collections of yeast 
mutant strains are available already.  To date, encouraging progress in understanding 
host factors important for Agrobacterium-eukaryote gene transfer has been achieved 
using the yeast model.  More details about the T-DNA complex transfer inside the 
eukaryotic host will be discussed in the later sections.  
1.2.6.1. Plant genes affecting the T-DNA nuclear import 
As the natural host of Agrobacterium-eukaryote gene transfer, studies of plant 
genes have revealed a number of plant factors affecting the inter-kingdom genetic 
transformation process.  Plant factors are involved in almost every stage of 
Agrobacterium-mediated transformation.  In contrast to the early stage of bacterial 
preparation for the T-DNA transfer, the final fate of the T-DNA complex inside a 
plant cell is dominantly decided by numerous plant factors.   
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When the T-DNA complex is inside a plant cell, two A. tumefaciens virulence 
proteins VirD2 and VirE2 are required for its entry into the plant nucleus.  VirD2 has 
a monopartite nuclear localization sequence (NLS) on its N-terminal and a bipartite 
NLS on its C-terminal (Herrera-Estrella et al., 1990; Howard et al., 1992).  The C-
terminal NLS was reported to be required for the nuclear import of the T-DNA 
complex, since mutations in the N-terminal NLS had few effects on the nuclear 
import of the T-DNA complex (Shurvinton et al., 1992).  VirE2 contains two separate 
bipartite NLS regions (NLS1 and NLS2).  Both NLSs might participate in piloting T-
DNA into the plant nucleus (Citovsky et al., 1989; Gietl et al., 1987).  But the 
contribution of VirE2 NLSs to the nuclear import of T-DNA is still a controversial 
issue, since the ssDNA binding domain of VirE2 is overlapped with the two NLS 
sequences (Citovsky et al., 1992).  
It was shown that VirD2 alone could efficiently deliver a short ssDNA into a 
plant nucleus, whereas the nuclear import of a long ssDNA must have the assistance 
from additional VirE2 (Ziemienowicz et al., 2001).  The VirE2 mutants with altered 
or mutated NLS only showed reduced capability for A. tumefaciens tumorigenesis, 
while the VirD2 mutants were completely avirulent to plants. Thus these two A. 
tumefaciens virulence proteins may play different roles in the nuclear import of T-
DNA.   
A number of plant factors have been identified as the host partners interacting 
with VirD2 or VirE2.  These plant factors are intrinsic plant proteins with certain 
cellular functions and could be recruited by specific virulence proteins for the transfer 
and nuclear import of the T-DNA complex inside plant cells.  To date, many host 
factors that may directly interact with VirD2 have been identified, including the 
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Arabidopsis karyopherin α (AtKAPα, importin-α1), the Arabidopsis cyclophilins 
such as RocA, Roc4 and CypA, and the tomato DIG3 that encodes a type 2C 
serine/threonine protein phosphatase (PP2C) (Ballas and Citovsky, 1997; Deng et al., 
1998; Tao et al., 2004). 
The Arabidopsis importin-α1 can specifically bind to the C-terminal NLS of 
VirD2 in vivo and in vitro.  Importin-α1 was also able to mediate the nuclear import 
of the VirD2-ssDNA-VirE2 complex into the nuclei of mammalian cells.  In contrast, 
the VirD2 mutant lacking its C-terminal NLS failed to mediate the nuclear import of  
the ssDNA-protein complex inside mammalian cells (Ziemienowicz et al., 1999). 
A tomato cDNA clone, DIG3, which encodes an enzymatically active type 2C 
serine/threonine protein phosphatase, can also interact with the C-terminal region of 
VirD2.  The overexpression of DIG3 in tobacco BY-2 protoplasts may inhibit the 
nuclear import of a beta-glucuronidase-VirD2 fusion protein, indicating that the DIG3 
protein may affect the nuclear import of VirD2.  
The Arabidopsis cyclophilins such as RocA, Roc4 and CypA, were found to be 
interacting with VirD2 in the yeast two-hybrid assay.  But the VirD2-cyclophilin 
interaction sites are distinct from the endonuclease, omega and NLS domains of 
VirD2.  Because some cyclophilins have the peptidyl-prolyl isomerase activity, these 
three cyclophilins interacting with VirD2 were supposed to serve as the chaperones 
for the T-DNA transfer inside plant cells.  Consequently, cyclosporin A, an inhibitor 
of cyclophilins could inhibit the Agrobacterium-mediated transformation of 
Arabidopsis and tobacco, suggesting that cyclophilins may play a role in the T-DNA 
transfer inside plant cells (Deng et al., 1998). 
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Because VirE2 is another essential virulence protein for Agrobacterium-plant 
gene transfer, scientists also used it as the bait for yeast two-hybrid screens.  
Consequently the Arabidopsis VIP1 was identified as the VirE2-binding protein 
(Tzfira et al., 2001).  VIP1 has a β-ZIP motif containing a long basic domainP Pfollowed 
by a leucine zipper that is composed of seven leucine repeats evenly separatedP Pfrom 
each other by six amino acid residues.  When using the antisense RNA of VIP1 to 
inhibit its expression, the transgenic Arabidopsis plants were recalcitrant to 
Agrobacterium infection, indicating an important role played by the Arabidopsis VIP1 
in the T-DNA transfer process inside plant cells.  VIP1 was further verified as a plant 
transcription factor, responsible for regulating the expression of the pathogenesis-
related gene PR1 (Djamei et al., 2007).  A. tumefaciens may induce the activation of 
MPK3, a mitogen-activated protein kinase (MAPK), which can directly phosphorylate 
VIP1 and cause its relocation from cytoplasm into nucleus.  It was further shown that 
the MAPK-dependent phosphorylation of VIP1 is necessary for the T-DNA transfer 
inside plant cells, suggesting that the MPK3-VIP1-mediated defense signaling can be 
utilized by A. tumefaciens for its T-DNA delivery.  VIP1 may also interact with H2A, 
a histone protein in Arabidopsis, which is required for the tumorigenesis and the 
stable genetic transformation of plants by A. tumefaciens (Mysore et al., 2000; Yi et 
al., 2002).  
Other than the host protein VIP1, VirE3, an A. tumefaciens virulence protein 
was found to function similarly to VIP1 inside the plant cell.  VirE3 can directly bind 
to both plant Importin-α1 and the A. tumefaciens VirE2. It was supposed to be the 
adapter molecule between Importin-α1 and VirE2, which may facilitate the nuclear 
import of the T-DNA complex (Lacroix et al., 2005). 
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Another A. tumefaciens virulence protein transferred into the plant cell is VirF 
which contains the firstly identified prokaryotic F box domain. VirF was found to 
interact with the plant homolog of yeast Skp1p, which is a subunit of the E3 ubiquitin 
ligase referred as the SCF complex (Schrammeijer et al., 2001).  The complex of 
SCF-VirF was further reported to be involved in the proteolysis process of VirE2 and 
VIP1.  The proteasomal degradation of VirE2 and relevant host factors before the 
nuclear import of the T-DNA complex is a critical event for Agrobacterium-mediated 
transformation since the expression of T-DNA inside plant cells could be inhibited by 
the addition of proteasomal inhibitors (Tzfira et al., 2004).  
1.2.6.2. Plant genes affecting T-DNA integration into the plant genome 
The final stage of a successful Agrobacterium-mediated transformation is the 
integration of T-DNA into the host genome.  Statistical analyses of more than 88,000 
A. thaliana insertion mutants generated by T-DNA integration revealed the strong 
integration site bias at both chromosome and gene levels (Alonso et al., 2003).  At the 
gene levels, insertions within the promotor and coding exon sequences accounted for 
nearly 50% of all the insertion sites.  Analyses of the sequence tags flanking more 
than 9000 T-DNA insertions in A. thaliana showed the involvement of 
microsimilarities in the integration of both right and left T-borders. The 
microsimilarity of 3 to 5 bp between T-DNA and the genomic sequences might 
basically allow T-DNA to integrate into any loci of the plant genome (Samson et al., 
2002).  
Host factors are supposed to play a major role in T-DNA integration into the 
host genome. Studies of A. thaliana T-DNA insertion mutations led to the 
identification of the rat5 mutant that was resistant to Agrobacterium-mediated 
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transformation.  The rat5 mutant contains two copies of T-DNA integrated as a 
tandem direct repeat into the 3' untranslated region of a histone H2A gene, upstream 
of the polyadenylation signal sequence.  The rat5 mutant was deficient in T-DNA 
integration, whereas the overexpression of RAT5 in the WT plants can increase the 
efficiency of Agrobacterium-mediated transformation.  The transient expression of a 
RAT5 gene from the incoming T-DNA could complement the rat5 mutant and 
increase the transformation efficiency of the WT A. thaliana plants.  Because the 
histone H2A gene in A. thaliana comprises a small multigene family, it might play a 
role in specifying the conformation of potential T-DNA integration sites (Mysore et 
al., 2000; Yi et al., 2002). 
Analyses of the T-DNA generated A. thaliana insertion mutants also showed 
that the incoming T-DNA randomly integrated into the plant genome via the non-
homologous recombination pathway.  It was further shown that Ku80, a key enzyme 
in the non-homologous end-joining (NHEJ) pathway for repairing gamma irradiation 
induced double strand breaks (DSBs), was related to the T-DNA integration process.  
Mutants of KU80 were showing decreased susceptibilities to Agrobacterium-mediated 
transformation, indicating the involvement of NHEJ in the T-DNA integration 
(Friesner and Britt, 2003).  
Although another report showed that the ku80 mutant plants didn’t exhibit any 
defects in Agrobacterium-mediated transformation (Gallego et al., 2003), the effects 
of Ku80 on T-DNA integration was reevaluated recently (Li et al., 2005b).  Using the 
immunoprecipitation approach, Ku80 was found directly interacting with the double-
stranded intermediate of T-DNA.  The ku80 mutant plants were defective in T-DNA 
integration in somatic cells, whereas KU80-overexpressing plants showed increased 
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susceptibilities to Agrobacterium-mediated transformation and increased resistance to 
DNA-damaging agents. The KU80-overexpressing plants were also exhibiting 
increased rates of extrachromosomal T-DNA to T-DNA recombination when 
transformed with two separate T-DNA molecules.  It was shown that the single-
stranded T-DNA molecules utilized the host NHEJ machinery to integrate into the 
plant genome via the double-stranded intermediates. 
Furthermore, CAK2Ms, a conserved plant ortholog of the cyclin-dependent 
kinase-activating kinase in the nuclei of alfalfa cells, was found to interact and 
phosphorylate VirD2.  CAK2Ms could also bind to and phosphorylate the C-terminal 
regulatory domain of the RNA polymerase II largest subunit, which could recruit the 
TATA box-binding protein.  Meanwhile the TATA box-binding protein was found to 
strongly bind to VirD2 in vivo. These results indicate that VirD2 may function inside 
the plant nucleus to facilitate the integration of T-DNA into the plant genome via 
interactions with widely conserved nuclear factors in plants (Bako et al., 2003). 
1.2.6.3. Yeast genes involved in Agrobacterium-mediated transformation 
The budding yeast Saccharomyces cerevisiae is the first identified non-plant 
host for Agrobacterium-eukaryote gene transfer (Bundock et al., 1995).  It was later 
shown that A. tumefaciens could also deliver its genetic materials into plants through 
the conjugative mechanisms (Sawasaki et al., 1996).  Because most bacterial genes 
required for Agrobacterium-plant gene transfer are also involved in the transformation 
of yeast, S. cerevisiae appears to be an intriguing model organism for studying host 
factors involved in this inter-kingdom transformation process.  As the simplest 
eukaryotic organism, the yeast S. cerevisiae has many advantages over other 
eukaryotic model organisms, i.e., rapid growth rate, ease of genetic modification and 
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comprehensive collections of mutant libraries.  Therefore research on the yeast model 
should be able to expedite the laborious exploration for host factors affecting 
Agrobacterium-eukaryote gene transfer.   
The major difference between plants and yeast for Agrobacterium-mediated 
transformation include the T-DNA delivery pathway and T-DNA integration into the 
host genome.  For example, T-DNA can be integrated into the yeast genome by 
homologous or non-homologous recombination, which is relied on whether or not 
there are yeast chromosome sequences flanking the T-DNA region (Bundock et al., 
1995; Bundock and Hooykaas, 1996).  If a yeast replication origin sequence such as 
the 2µ replication origin or ARS (autonomous replication sequence) was combined 
into the T-DNA region, the T-DNA fragment was able to recircularize inside the yeast 
nucleus and transform to a yeast plasmid which can stably replicate and exist inside 
the yeast cell (Bundock et al., 1995; Piers et al., 1996).  Moreover, the T-DNA 
fragment flanked by two yeast telomere sequences could stably stay inside the yeast 
nucleus as a minichromosome (Piers et al., 1996).  In contrast to the yeast host, there 
is no replication origin sequence ever observed in plants, and the non-homologous 
(illegitimate) recombination pathway is the dominant machinery for T-DNA 
integration into the plant genome.  Therefore the yeast model was firstly used to study 
host factors affecting the T-DNA integration mechanisms.  Using the yeast S. 
cerevisiae as the T-DNA recipient, non-homologous end-joining (NHEJ) proteins 
such as Yku70p, Rad50p, Mre11p, Xrs2p, Lig4p and Sir4p were demonstrated to be 
required for the integration of T-DNA into the yeast genome. 
It was further proven that two enzymes, Rad52p and Ku70p, played a dominant 
role in deciding how T-DNA was integrated into the yeast genome (van Attikum et al., 
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2001; van Attikum et al., 2003).  It was observed that the illegitimate recombination 
pathway was blocked in the ku70 mutant cells and the homologous recombination 
pathway was blocked in the rad52 mutant cells.  These observations are very helpful 
for us to direct the integration pathways.  In yeast, Yku70p and Yku80p form a 
heterodimer protein complex which plays multiple roles in the HTDNA metabolism TH 
(Bertuch and Lundblad, 2003a).  The Ku heterodimer functions to maintain the 
genome stability by mediating HTDNA double-stranded break (DSB) repair via 
nonhomologous end-joining (NHEJ)TH, and is also required for the HTtelomere 
maintenanceTH (Bertuch and Lundblad, 2003b).  The Ku complex is widely conserved in 
many eukaryotic organisms including the plant model organism Arabidopsis thaliana.  
Recently it was shown that AtKU80, an A. thaliana homologue of the yeast Yku80p, 
could directly interact with the double-stranded intermediate of T-DNA in plants (Li 
et al., 2005b).  The ku80 mutants of A. thaliana were defective in T-DNA integration 
in somatic cells, whereas KU80-overexpressing plants showed increased 
susceptibilities to Agrobacterium-mediated transformation. 
The de novo purine biosysthesis pathway was firstly identified in the yeast 
model as a host cellular mechanism that negatively regulated the T-DNA transfer 
inside host cells (Roberts et al., 2003).  Yeast cells with deletions in any enzymes on 
the first seven steps of the yeast de novo purine biosysthesis pathway could result in 
the supersensitive yeast cells to Agrobacterium-mediated transformation on adenine 
deficient medium.  Consistent with observations in the yeast model, several plant 
species such as A. conyzoides, N. tabacum, and A. thaliana were also exhibiting 
significantly increased susceptibilities to Agrobacterium-mediated transformation 
when treated with mizoribine, a purine synthesis inhibitor, azaserine and acivicin, two 
inhibitors for the purine and pyrimidine biosynthesis in plants.  Therefore the 
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biotechnology of Agrobacterium-mediated transformation should be able to benefit 
from findings in the yeast model. 
1.3. Objectives of this study 
The purpose of this study is to employ the yeast system as a eukaryotic model to 
identify and characterize host factors important for Agrobacterium-eukaryote gene 
transfer.  Previous studies have shown that the growth status and relevant cellular 
functions in a host cell may play a pivotal role in the T-DNA translocation and 
integration into the host genome.  For example, plant cells staying in different cell-
cycle stages were responding differently to Agrobacterium-mediated transformation 
(Villemont et al., 1997): mesophyll cells staying in the stationary phase (G0-G1-phase) 
were highly recalcitrant to Agrobacterium-mediated transformation; whereas plant 
cells staying in the S-G2-M-phase were mostly susceptible to Agrobacterium-
mediated transformation.  It was also shown that plant cells treated by purine 
biosynthesis inhibitors such as azaserine and acivicin were supersensitive to 
Agrobacterium-mediated transformation with up to 180-fold increases (Roberts et al., 
2003).  Such a tremendous increase was also observed in the Agrobacterium-yeast 
gene transfer.  Therefore the involvement of host growth status in the T-DNA transfer 
process appears to be an intriguing topic for us to understand Agrobacterium-
eukaryote gene transfer on the host side.   
As a simple eukaryotic organism, the yeast Sacchromyces cerevisiae has many 
advantages over other eukaryotic model organisms, i.e., the rapid growth rate, simple 
and facile genetic modification methods and comprehensive mutant collections.  In 
this study, we take advantage of the yeast model to study the involvement of host 
growth status in the T-DNA transfer process.  We also want to further understand the 
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molecular bases underlying the effects of host cell growth on Agrobacterium-
eukaryote gene transfer.  The current method for detecting Agrobacterium-yeast gene 
transfer is relied on the expression of selection markers (e.g., antibiotic resistance and 
nutritional stress), which is restricted to the appearance of transformant colonies. 
Therefore it is necessary to develop new reporter systems that may simplify and speed 
up the detection process.  Results from this study should not only help to enhance the 
efficiency of Agrobacterium-yeast gene transfer, but also enable us to obtain more 
information about cellular mechanisms regulating the T-DNA transfer process inside 
eukaryotic cells.  Understanding of host factors involved in Agrobacterium-mediated 
transformation should help us to utilize the bacterium for more important applications 
such as gene therapy and protein therapy. 
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Chapter 2. General Materials and Methods 
2.1. Bacterial strains and plant materials 
Bacterial strains and plant materials used in this study are listed in Table 2.1. 
2.2. Yeast strains 
Yeast strains used in this study are listed in Table 2.2.  Most of yeast mutant 
strains were purchased from EUROSCARF.  
2.3. Culture medium 
The culture medium used in this study is listed in Table 2.3.  All the bacterial 
and yeast cells were cultured in the liquid broth with shaking at 200 rpm or grown on 
relevant agar medium.  LB medium was used to culture Escherichia coli cells at 37°C. 
MG/L or IBPOB4 B was used to culture or induce A. tumefaciens cells at 28°C.  YPD and 
SD medium with appropriate supplements were used to culture yeast cells at 28°C.  
For long-term storage, all the microbial strains were kept in the relevant medium 
containing 15% glycerol in a -80°C freezer (Cangelosi et al., 1991; Piers et al., 1996; 
Sambrook and Russell, 2001a).  Murashige and Skoog (MS) medium was used to 
culture tobacco BY-2 cells at room temperature with shaking at 100 rpm (Murashige 
and Skoog, 1962). 
2.4. Antibiotics and other stock solutions 
The working concentration and stock solutions of antibiotics and other 
chemicals used in this study are listed in Table 2.4.  
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2.5. Plasmids 
Plasmids used in this study are listed in Table 2.5. 
2.6. Primers 
Primers used in this study are listed in Table 2.6. 
 
Table 2.1 Bacterial strains and plant materials used in this study. 
Bacterial strains 
or plant materials Relevant characteristics Source or reference 
E. coli                        
DH5α EndA1 hsdR17 supE44 thi-1 recA1 gyrA96 relA1 ∆(argF-lacZYA)U169 φ80dlacZ ∆Μ15 
Bethesda Research 
Laboratories 
A. tumefaciens   
EHA105 Wild-type, nopaline-type strain containing pTiBo542 harboring a T-DNA deletion Hood et al., 1993 
WR1715 Octopine-type virD2 mutant strain, 70 % of virD2 deleted (aa 94-388) 
Shurvinton et al., 
1992 
LBA4404 Wild-type, octopine-type strain containing a disarmed Ti plasmid pAL4404 Ooms et al., 1982 
MX243 Octopine-type virB mutant strain Stachel and Nester, 1986 
Plant materials         
BY-2 Nicotiana tabacuum L. cv. Bright Yellow 2 Laboratory Collection
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Table 2.2 Yeast strains used in this study. 
Yeast Strain Genotype Source 
BY4741 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0 Euroscarf 
US294 Mat a; ura3-52; trp1∆; leu2-3, 112' Surana’s lab collection 
bar1 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; bar1::kanMX4 Euroscarf 
bar1 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; bar1::ura3 This study 
ste2/bar1 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; ste2::kanMX4; bar1::ura3 This study 
ste4/bar1 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; ste4::kanMX4; bar1::ura3 This study 
ste5/bar1 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; ste5::kanMX4; bar1::ura3 This study 
ste20/bar1 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; ste20::kanMX4; bar1::ura3 This study 
fus3/bar1 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; fus3::kanMX4; bar1::ura3 This study 
kss1/bar1 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; kss1::kanMX4; bar1::ura3 This study 
ste12/bar1 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; bar1::kanMX4; ste12::ura3 This study 
far1/bar1 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; far1::kanMX4; bar1::ura3 This study 
fus1/bar1 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; fus1::kanMX4; bar1::ura3 This study 
xrs2 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; xrs2::kanMX4 Euroscarf 
msh6 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; msh6::kanMX4 Euroscarf 
rif1 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; rif1::kanMX4 Euroscarf 
mlh3 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; mlh3::kanMX4 Euroscarf 
mcm22 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; mcm22::kanMX4 Euroscarf 
rec102 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; rec102::kanMX4 Euroscarf 
zip2 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; zip2::kanMX4 Euroscarf 
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Table 2.2 Yeast strains used in this study (continued). 
Yeast Strain Genotype Source 
pch2 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; pch2::kanMX4 Euroscarf 
vps15 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; vps15::kanMX4 Euroscarf 
mnn1 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; mnn1::kanMX4 Euroscarf 
vid24 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; vid24::kanMX4 Euroscarf 
emp47 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; emp47::kanMX4 Euroscarf 
vps51 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; vps51::kanMX4 Euroscarf 
vps65 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; vps65::kanMX4 Euroscarf 
cue4 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; cue4::kanMX4 Euroscarf 
prm8 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; prm8::kanMX4 Euroscarf 
ypk1 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; ypk1::kanMX4 Euroscarf 
pkh1 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; pkh1::kanMX4 Euroscarf 
ypk2 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; ypk2::kanMX4 Euroscarf 
pkh2 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; pkh2::kanMX4 Euroscarf 
vps34 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; vps34::kanMX4 Euroscarf 
vps30 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; vps30::kanMX4 Euroscarf 
apg14 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; apg14::kanMX4 Euroscarf 
vps52 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; vps52::kanMX4 Euroscarf 
vps53 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0; vps53::kanMX4 Euroscarf 










E. coli   
LB (Luria broth) Tryptone, 10 g; yeast extract, 5 g; NaCl, 10 g; pH 7.5 Sambrook and Russell, 2001b 
SOB 
Tryptone, 20 g; yeast extract, 5 g; NaCl, 0.5 g; 10 ml of 
250 mM KCl; pH 7.0; add 5ml of filter-sterilized 2 M 
MgCl B2B before use 
Sambrook and 
Russell, 2001b 
TB 10 mM PIPES, 55 mM MnCl B2B, 15 mM CaClB2 B, 250 mM KCl 
Sambrook and 
Russell, 2001b 
A. tumefaciens   
MG/L  
LB, 500 ml; mannitol, 10 g; sodium glutamate, 2.32 g; 
KHB2 BPOB4 B, 0.5 g; NaCl, 0.2 g; MgSOB4 PB. P7HB2BO, 0.2 g; biotin, 2 
µg; pH 7.0 
Cangelosi et al., 1991
AB (Minimal 
medium) 
20 × AB salts, 50 ml; 20 × AB buffer, 50 ml; glucose, 18g; 
autoclaved separately Cangelosi et al., 1991
IB (Induction 
Medium) 
20 × AB salts, 50 ml; 20 × AB buffer, 1 ml; 0.5 M MES 
(pH 5.5), 8 ml; glucose, 18g; autoclaved separately Cangelosi et al., 1991
20 × AB salts NHB4 BCl, 20 g; MgSOB4PB
. 
P7HB2 BO, 6 g; KCl, 3 g; CaClB2 B, 0.2 g; 
Fe SOB4 PB. P7HB2 BO, 50 mg 
Cangelosi et al., 1991
20 × AB buffer KB2 BHPOB4 B, 60 g; NaHB2 BPOB4 B,B B23 g; pH7.0 Cangelosi et al., 1991
0.5 M MES MES, 97.6 g; pH5.5 Cangelosi et al., 1991
IBPOB4 B 
20 × AB salts, 50 ml; 20 × AB buffer, 1 ml; 1 M KHB2 BPOB4 B 
(pH 5.5), 8 ml; glucose, 18g; autoclaved separately Cangelosi et al., 1991
S. cerevisiae   
YPD Difco peptone, 20 g; yeast extract, 10 g; glucose, 20 g Clontech user manual
SD medium Minimal SD base, 26.7 g; appropriate drop-out Clontech user manual
BY-2   






P reparation for 1 liter, and sterilized by autoclaving; 
P
b 
PFor solid media, 1.5% agar was added. 
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Table 2.4 Antibiotics and other stock solutions used in this study. 






Working con. in E.coli
(µg/ml) 
Working con. in A. 
tumefaciens (µg/ml)
Ampicillin (Amp) 100PaP 100 _ 
Kanamycin (Km) 100 PaP 100 100 
Carbenicillin (Cb) 100PaP 100 100 
Cefotaxime (Cef) 200PaP _ _ 
Acetosyringone (AS)  100 Pb P _ 100Pc P 
X-Gluc 100 PaP _ _ 
Proteinase K           20 PaP 50 50 




Pcon.’ is the abbreviation for ‘concentration’; 
P
a
P Dissolved in HB2 BO, filter-sterilized; 
P
b
P Dissolved in dimethyl sulphoxide, 100 mM; 
P
c
P The working concentration is 100 µM. 
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Table 2.5 Plasmids used in this study. 
Plasmid Relevant characteristics Source or reference 
pST302 
Vector for yeast transformation containing a 2µ replication 
origin, a LEU2 selection marker, a GFP reporter and the 
pBIN19 binary vector; Amp, Km. 
This study 
pST302-1 
Vector for yeast transformation containing a 2µ replication 
origin, a LEU2 selection marker, a GFP reporter and the 
pCB301 binary vector; Amp, Km. 
This study 
pST303 
Vector for yeast transformation containing a 2µ replication 
origin, a LEU2 selection marker, a CFP reporter and the 
pCB301 binary vector; Amp, Km. 
This study 
pST304 
Vector for yeast transformation containing an ARS 
replication origin, URS3/ spHIS5 selection markers, a CFP 
reporter and the pCB301 binary vector; Amp, Km. 
This study 
pST305 
Vector for yeast transformation containing an ARS 
replication origin, URS3/ spHIS5 selection markers, a CFP 
reporter and the pCB301 binary vector; Amp, Km. 
This study 
pST306 
Vector for yeast transformation containing an ARS 
replication origin, two synthetic Tel sequences, URS3/ 
spHIS5 selection markers, a CFP reporter and the pCB301 
binary vector; Amp, Km. 
This study 
pRFP207 
Vector for yeast transformation containing a 2µ replication 




Vector for yeast transformation containing a 2µ replication 




Vector for yeast transformation containing a 2µ replication 
origin, a LEU2 selection marker, a yEmCitrine (CFP) 
reporter; Amp. 
This study 
pIG121-Hm Vector for plant transformation containing a 35S:intron:GUS reporter, the pBIN19 binary vector; Amp, Km. 
Ohta et al., 
1990 
 

























GUS-1 CGTCCTGTAGAAACC  




2.7. DNA manipulations 
2.7.1. Plasmid DNA preparation from E. coli 
Plasmid DNA was prepared as the method described previously with some 
modifications (Sambrook and Russell, 2001c).  E. coli cells from 2 ml of overnight 
grown culture were collected by centrifugation at 10, 000 rpm (Eppendorf 5417C) for 
1 min.  The cell pellet was resuspended in 100 µl of ice-cold solution I (50mM 
glucose, 25 mM Tris-HCl, 10 mM EDTA, pH8.0) via vigorous vortex.  200 µl of 
freshly prepared solution II (0.2 N NaOH, 1 % SDS) was added to and mixed with the 
cell suspension by inverting 4 to 6 times.  After the addition of 150 µl of Solution III 
(3 M potassium, 5 M acetate), the mixture was inverted 4 to 6 times to mix Solution 
III with the cell lysate.  The cell lysate was extracted with equal volume of chloroform 
once via centrifugation at 14, 000 rpm (Eppendorf 5417C) for 5 min.  Then the 
supernatant was transferred to a clean Eppendorf tube and mixed with 2 volumes of 
ethanol to precipitate the plasmid DNA. After centrifugation at 14, 000 rpm 
(Eppendorf 5417C) for 1 min, the DNA pellet was washed once with 70% ethanol and 
dried in a vacuum concentrator.  The extracted plasmid DNA was dissolved in 20 µl 
of sterile water and stored at -20°C, which can be directly used after thawing.     
2.7.2. Plasmid DNA preparation from A. tumefaciens 
 Plasmid DNA was isolated from A. tumefaciens cultures using the QIAprep Spin 
Miniprep Kit (QIAGEN) following the user-developed protocol (Weber et al., 1998) 
with some modifications.  The bacterial cells were grown overnight in 10-ml MG/L 
and harvested by centrifugation at 10, 000 rpm (Eppendorf 5417C) for 1 min.  The 
cell pellet was resuspended in 500 µl of buffer P1. Then 500 µl of lysis buffer P2 was 
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added to and mixed with the cell suspension by inverting 4 to 6 times. Next, 1 ml of 
neutralization buffer N3 was added and mixed via inverting 4 to 6 times. The mixture 
was then subjected to a centrifugation at 14, 000 rpm (Eppendorf 5417C) for 10 min.  
The supernatant after centrifugation was applied into a QIAprep column and 
centrifuged at 14, 000 rpm for 1 min.  After discarding the flow-through, the column 
was washed with PE buffer once and subjected to an additional centrifugation once at 
14, 000 rpm (Eppendorf 5417C) for 1 min. After that, the column was transferred to a 
sterile 1.5 ml tube and eluted with 20 to 50 µl deionized water according to the DNA 
concentration required for further analysis or manipulation. 
2.7.3. The total DNA preparation from S. cerevisiae 
In a small-scale preparation of yeast total DNA, 2 ml of yeast cells were grown 
overnight at 30°C in appropriate culture medium (Sambrook and Russell, 2001d).  
After harvested by centrifugation at 6000 rpm for 5 min, yeast cells were resuspended 
in 0.5 ml of the zymolase buffer (1M sorbitol, 0.1 M Na B2 BEDTA, pH 7.5).  After the 
addition of 20 µl of Zymolyase 100T (2.5 mg/ml), the reaction mixture was further 
incubated at 37ºC for 1 h to transform yeast cells to spheroplasts.  Spheroplasts can be 
spun down at 6000 rpm for 1 min.  After removing the supernatant, the spheroplast 
pellet was resuspended in 0.5 ml of the lysis buffer (20 mM NaB2 BEDTA, 50 mM Tris-
Cl, pH 7.4).  Then 50 µl of 10% SDS was added and mixed well.  The mixture was 
further incubated at 65°C for 30 min.  After addition of 0.2 ml of 5 M potassium 
acetate, the cell lysate was incubated on ice for 1 h.  Then 640 µl of chloroform was 
added to the cell lyste which was further subjected to a centrifugation at 13, 000 rpm 
for 5 min.  The upper supernatant was transferred into a new microfuge tube.  The 
same volume of isopropanol was added and mixed well.  After 5 min at room 
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temperature, the extraction mixture was subjected to another centrifugation at 13,000 
rpm for 1 min.  The supernatant was discarded and pellet was air-dried in vacuum 
evaporator.  After dissolved in sterile water, the yeast total DNA can be directly used 
for PCR. If necessary, RNA molecules inside the DNA extract can be removed using 
RNase A (0.2 mg/ml) after a short incubation at 37°C for 30 min.  
2.7.4. DNA digestion and ligation 
DNA digestion and ligation were conducted following the instructions from the 
manufacturers supplying the enzymes.  The reaction system for a digestion used in 
this study included restriction enzymes, 1 x relevant buffer, DNA stock solution and 
deionized water for supplementing a 20 µl reaction system.  Sometimes, 0.5 µl (1 
unit) of shrimp alkaline phosphatase was also added to generate dephosphorylated 
restriction sites. Digestion reaction was carried out at 37°C or other recommended 
temperature at different time intervals ranging from 1 h to overnight for different 
purposes.  Digested vectors and DNA inserts used for ligation were purified using the 
Gel Extraction Kit (QIAGEN) following instructions from the manufacturer. 
Common Ligation reactions were carried out at RT for 4 h with 1 µl of T4 DNA 
ligase (Fermentas), 1 x ligase buffer, combined vector and insert DNA less than 100 
ng, and sterile deionized water to top up the 10 µl reaction volume.  
2.7.5. Polymerase chain reaction (PCR) 
DNA fragments and target genes were amplified by the basic polymerase chain 
reaction (PCR). The composition of the PCR reaction mixture was shown below 
(Sambrook and Russell, 2001e).  
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10 × PCR buffer (without MgClB2 B) 5 µl 
MgCl B2 B(25 mM) 3 µl 
Primer 1 (10 µM) 2 µl 
Primer 2 (10 µM) 2 µl 
dNTPs (10 mM each)  1 µl 
Template DNA (20-100 ng/µl) 1 µl 
Taq DNA polymerase (1 unit/µl) 1 µl  
Add distilled water to a final volume of 50 µl 
The basic PCR was normally run using the program below. 
1 cycle  95°C for 2 min 
30 cycles 95°C for 30 seconds 
 Annealing temperature (Tm - 5°C) for 30 seconds 
 Extension at 72°C for 1 min per kb 
1 cycle 72 °C for 10 min 
2.7.6. Yeast colony PCR 
Yeast colony PCR was carried out similar to the common PCR practice except 
for some modifications (Akada et al., 2000).  To improve the yield of PCR reactions, 
10 x colony PCR buffer (0.125 M Tris-HCl, pH 8.5; 0.5625 M KCl) was used instead 
of the common PCR reaction buffer for the Taq DNA polymerase.  The PCR reaction 
mixture was prepared as the recipe below, including some yeast cells just enough to 
cloud the reaction solution.  
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10 × Colony PCR buffer (without MgCl B2 B) 5 µl 
MgCl B2 B(25 mM) 3 µl 
Primer 1 (10 µM) 2 µl 
Primer 2 (10 µM) 2 µl 
dNTPs (10 mM each)  1 µl 
Triton X-100 (50%) 1 µl 
Taq DNA polymerase (1 unit/µl) 1 µl  
Add distilled water to a final volume of 50 µl 
A PCR reaction was normally run following the program below. 
1 cycle 95°C for 5 min 
35 cycles 95°C for 30 seconds 
 Annealing temperature (Tm - 5°C) for 30 seconds 
 Extension at 72°C for 1 min per kb 
1 cycle 72 °C for 10 min 
Instead of directly using the yeast cells for a PCR reaction, yeast total DNA can 
be facilely prepared to serve as the PCR templates.  In brief, 1 x 10 P7 P yeast cells were 
harvested by centrifugation and resuspended in 20 µl of 0.25% SDS.  After vortexed 
vigorously for 10 seconds, the cell suspension was heated at 90°C for 3 min. The cell 
debris was spun down and 1 µl of supernatant was used for the PCR reaction. 
2.7.7. DNA gel electrophoresis and purification 
DNA fragments were separated by agarose gel electrophoresis in TAE buffer 
(0.04 M Tris-acetate, 0.001 M EDTA, pH 8.0) along with a standard DNA ladder 
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(Fermentas).  Normally, the concentration of agarose gel is 1% and ethidium bromide 
(EB) was directly added to the agarose gel to a final concentration of 0.5 µg/ml after 
thawing the agarose gel. The separated DNA fragments were recovered from the 
agarose gel using QIAquick Gel Extraction Kit (QIAGEN). The recovery procedure 
provided by the manufacturer was briefly described below. The agarose gel 
containing the DNA fragment of interest was cut out and transferred to a pre-weighted 
1.5 ml tube.  Three gel volumes of QG buffer (300 µl buffer to 100 mg gel) were 
added to the tube and incubated at 55°C for 5~10 min until the gel was completely 
dissolved.  For DNA fragments larger than 4 kb or smaller than 500 bp, one gel 
volume of isopropanol was added to the mixture to increase the efficiency of DNA 
recovery.  Then the mixture was transferred to a QIAquick spin column and 
centrifuged for 1 min at 14, 000 rpm (Eppendorf 5417C).  The spin column was 
washed once with 750 µl of PE buffer and subjected to an additional centrifugation to 
completely remove any residual liquid in the column.  To elute DNA, the column was 
placed into a clean 1.5-ml tube and 20 µl of deionized water was loaded to the center 
of the column. Eluted DNA was collected via centrifugation at 14, 000 rpm 
(Eppendorf 5417C) for 1 min.  
2.7.8. DNA sequencing 
Based upon instructions for Big DyePTMP automated sequencing, DNA sequencing 
was carried out following the protocols below. 
PCR reaction mixture: 
Big Dye PTMP Ready Mix (Version 3.0 or 3.1)   2 µl 
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Primer (10 pmol/µl)                            1 µl 
DNA  100 to 500 ng 
Add deionized water to a final volume of 10 µl. 
 PCR program: 
1 cycle   96°C for 15 seconds 
25 cycles 50°C for 5 seconds 
 60°C for 4 min 
1 cycle Hold at 4°C until ready to purify 
Post-PCR precipitation mixture: 
PCR product 10 µl 
3 M sodium acetate (pH 4.6)  1.5 µl 
Non-denatured 95 % Ethanol 31.25 µl 
Sterile distilled water 7.25 µl 
After adding the PCR product, the precipitation mixture in a sterile 1.5 ml tube 
was vortexed and kept at RT for 30 min before centrifugation (Eppendorf 5417C) at 
14, 000 rpm for 30 min.  Then the supernatant was carefully aspirated without 
disturbing the pellet.  The pellet was washed with 500 µl of 70 % ethanol, followed by 
centrifugation at 14, 000 rpm for 10 min.  The pellet was washed again as described 
previously and dried in a vacuum concentrator. This product can be directly used for 
DNA sequencing or kept at -20°C.  
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2.7.9. Preparation of E. coli competent cells 
E. coli competent cells were prepared following the protocol below (Sambrook 
and Russell, 2001b).  E. coli colonies freshly grown on LB agar medium were 
inoculated into 100 ml of SOB medium and grown at room temperature with vigorous 
shaking (250 rpm). After the cells grew to an ODB600 B of 0.5~0.7, the culture was 
chilled on ice for 10 min and centrifuged at 3, 600 rpm (Eppendorf 5810R) for 5 min 
at 4°C to collect bacterial cells.  The cell pellet was resuspended in 30 ml of ice-cold 
TB buffer (10 mM PIPS, 55 mM MnCl B2B, 15 mM CaCl B2 B, 250mM KCl, pH 6.7; all 
components except MnCl B2 Bwere dissolved and autoclaved; 1M MnCl B2 Bsolution was 
filter-sterilized and added to make TB buffer; stored at 4°C) and incubated on ice for 
10 min.  The cells were washed once by TB buffer and resuspended in 5 ml of ice-
cold TB buffer.  After that DMSO was added to the cell suspension to a final 
concentration of 7%. The cell suspension was aliquoted to pre-cooled sterile 1.5 ml 
tubes with 100 µl of cell suspension in each tube and frozen in liquid nitrogen 
immediately.  E. coli cells prepared in this way are highly competent for heat-shock 
transformation and can be stored at -80°C for a couple of years. 
2.7.10. Introduction of plasmid DNA into E. coli 
In this study, DNA was transferred into E. coli cells by heat-shock 
transformation following the standard protocol below (Sambrook and Russell, 2001b). 
Frozen competent cells (100 µl) were thawed on ice. The DNA sample for incoming 
transformation (up to 25 ng per 50 µl of competent cells) was added to the cell 
suspension in a volume not exceeding 5% of that of the competent cells. The 
competent cells were mixed with incoming DNA by swirling gently and were kept on 
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ice for 30 min.  After that, the mixture was subjected to heat-shock by incubating at 
42°C for 90 seconds and immediately chilled on ice for 2 min after heat-shock. 900 µl 
of fresh LB medium was added to the cell suspension, which was subsequently 
incubated at 37°C for 1 h with shaking to allow the bacteria to recover from damages 
and express the antibiotic resistance genes harboring on the transferred DNA. Then 
bacterial cells were collected by centrifugation and spread on LB agar medium with 
appropriate antibiotics to select desired transformants for further studies. 
2.7.11. Introduction of plasmid DNA into A. tumefaciens by 
electroporation 
In this study, DNA was introduced into A. tumefaciens cells by electroporation 
following the protocol below (Cangelosi et al., 1991). A single colony of A. 
tumefaciens cells freshly grown on MG/L agar medium was streaked onto a fresh 
MG/L agar plate.  After grown overnight at 28°C, A. tumefaciens cells were scraped 
from the agar plate and transferred into a sterile 1.5-ml tube.  The cells were washed 
once with ice-cold water and collected by centrifugation at 10, 000 rpm. The cell 
pellet was further washed once with ice-cold 15% glycerol and resuspended in 50 µl 
of ice-cold 15% glycerol finally. The cell suspension was mixed with plasmid DNA 
(50 to 100 ng in 10 µl or less sterile water) and transferred into a chilled BioRad 
electroporation cuvette. After kept on ice for 10 min, the cell suspension was 
subjected to the Gene Pulser II Electroporation System (BioRad), which was set to 25 
µF for capacitor, 2.5 kV for and 400 Ω for the controller unit.  The cells were usually 
pulsed once with a time constant of 8 to 10 ms (mili-second).  1 ml of MG/L broth 
was added immediately after electroporation. The diluted cell suspension was 
transferred into a 15-ml culture tube and incubated at 28°C for 1 h. Then bacterial 
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cells were collected by centrifugation and spread on MG/L agar medium with 
appropriate antibiotics to select desired transformants for further studies. 
2.7.12. Introduction of plasmid DNA into S. cerevisiae 
To introduce foreign DNA molecules into yeast cells, lithium acetate (LiAc) is 
generally used to generate competent yeast cells (Ausubel et al., 1998b). Before 
transformation, yeast cells were inoculated into appropriate culture medium and 
grown overnight at 30°C with shaking at 200 rpm.  When grown in the stationary 
growth phase (ODB600B>3 in YPD or OD B600 B>1 in SD), yeast cells were subcultured into 
fresh culture medium with 20-fold dilutions and incubated at 30°C on a shaker at 200 
rpm until ODB600B=1.0 (3 – 5 h). Then 1 x 10P7P yeast cells were harvested in a 1.5-ml 
microfuge tube by centrifugation at 2500 rpm for 5 min. After washed twice with 
sterile water and once with 100 mM LiAc, yeast cells were resuspended in following 
transformation mixture.  
a.  240 µl PEG (50% w/v) 
b. 36 µl of 1 M LiAc 
c.  5 µl of single stranded carrier DNA (10 mg/ml) 
d. 10 µl of minipreped DNA (0.1 – 10 µg) 
The transformation process included a 30-min incubation at 30°C and a 
subsequent heat shock process at 42°C for 15 min. After heat shock, yeast cells were 
harvested again by centrifugation at 6000 rpm for 30 seconds and resuspended in 
water.  According to the type of foreign DNA molecules, different amount of 
transformed yeast cells were spread on appropriate selection medium and incubated at 
30°C until the appearance of transformant colonies. 
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Chapter 3. Yeast mating pheromone stimulates 
Agrobacterium-yeast gene transfer 
3.1. Introduction 
Infection of plants by A. tumefaciens, a gram-negative soil bacterium, represents 
the only known example of natural inter-kingdom genetic transformation.  The 
bacterium can sense signaling molecules from the wounded plants and deliver single-
stranded DNA (T-DNA) into susceptible plant cells (Tzfira and Citovsky, 2006).  
Under laboratory conditions, A. tumefaciens may also deliver T-DNA into yeast, 
fungal and mammalian cells, but its vir (virulence) system should be optimized for 
transforming plants, since it can more efficiently deliver T-DNA into many plant 
species (Lacroix et al., 2006).   
In addition to T-DNA transfer, both A. tumefaciens and E. coli were found to be 
capable of delivering conjugative plasmid DNA into eukaryotic cells in laboratories 
(Heinemann and Sprague, 1989; Sawasaki et al., 1996; Vicky et al., 1987; Waters, 
2001).  These two inter-kingdom genetic transformation processes are functionally 
analogous inside the bacterial cells.  The biogenesis of T-DNA is relied on VirD2, a 
unique endonuclease in A. tumefaciens.  VirD2 can cleave the bottom strand of the 
right T-border and covalently binds to its 5’ end, which shares common features with 
the relaxase-mediated ssDNA cleavage for bacterial conjugation (Pansegrau et al., 
1993).  The VirD2-T-DNA complex further enters the host cell through the type IV 
secretion system (T4SS).  Together with the T-DNA translocation, several A. 
tumefaciens virulence proteins such as VirD2, VirE2, VirE3 and VirF can be 
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transported into plant cells and play important roles in the final fate of T-DNA, its 
integration into the plant genome.  Considering the observation of inhibitory effects of 
some conjugal plasmids on the bacterial virulence and the VirE2 translocation into 
plant cells, the transfer of T-DNA complex may adopt some cellular mechanisms for 
bacterial conjugation (Stahl et al., 1998).   
Once inside the host cell, several bacterial proteins may interact with their host 
partners and facilitate the translocation and integration of foreign DNA into the host 
genome.  In this case, A. tumefaciens serves as a good model organism for the study 
of host factors affecting the inter-kingdom genetic transformation.  For example, the 
plant protein VIP1 functions as an adaptor molecule to facilitate the nuclear 
localization of VirE2, a ssDNA-binding protein for the protection of T-DNA inside 
host cells (Li et al., 2005a); the plant importin-α1 is responsible for the nuclear 
localization of both VirD2 and VirE2 and consequently conducts the nuclear import 
of T-DNA (Ballas and Citovsky, 1997; Citovsky et al., 2004).  In contrast to T-DNA 
transfer, the inter-kingdom conjugation between A. tumefaciens and plant is strictly 
dependent on MobA, a conserved bacterial relaxase with little sequence homology to 
VirD2 (Dube et al., 2004).  MobA could be nuclear localized in yeast and mammalian 
cells and was supposed to mediate the integration of conjugal DNA into the plant 
genome (Silby et al., 2006).  It was found to be as efficient as VirD2 in mediating the 
DNA integration into the plant genome, but it was less efficient than VirD2 in 
conducting the DNA transfer into plant nuclei, indicating that the integration 
efficiency of the transferred DNA is decided by host enzymes, whereas bacterial 
effectors may play a joint role in the nuclear import and integration pattern (Bravo-
Angel et al., 1999).  
 55
Although a number of host factors have been identified to interact with relevant 
A. tumefaciens virulence proteins and affect the outcome of T-DNA transfer to some 
extent, little is known about how the host cell regulates its uptake of T-DNA or other 
foreign DNA molecules.  To address this problem, the facile model organism 
Sacchromyces cerevisiae was adopted.  The purine biosynthesis pathway was firstly 
identified as a host cellular mechanism involved in the T-DNA transfer process 
(Roberts et al., 2003).  Deprivation of adenine from the culture medium of yeast ade 
mutant cells may render more than 100-fold increase in the transformation efficiency. 
This finding was also applicable for the plant transformation when using purine 
synthesis inhibitors, which indicates the involvement of host growth status in T-DNA 
transfer.  
Although understanding of the effects of purine biosynthesis on T-DNA transfer 
inside host cells is limited by our poor understanding of cellular mechanisms 
underlying the de novo synthesis pathway, this finding strongly suggests that T-DNA 
transfer inside a host cell not only involves its interacting host partners, but also 
correlates with cellular activities of the host cell.  To further understand the 
correlating effects of host cellular activities on the T-DNA transfer process, ten 
chemical inhibitors with certain cellular functions were chosen in this study to 
examine their effects on Agrobacterium-yeast gene transfer. 
3.2. Materials and Methods 
3.2.1. Agrobacterium-mediated transformation of S. cerevisiae 
Agrobacterium-mediated transformation of S. cerevisiae was performed as 
described (Piers et al., 1996) with some modifications below.  The yeast culture 
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overnight grown at 30°C was diluted to 1x 10P7 P cells per ml in fresh YPD broth and 
subcultured for additional 3 h at 30°C.  Then 2 x 10P6 Pyeast cells were mixed with 2 x 
10P8 P A. tumefaciens cells induced overnight in IBPOB4 B at 28°C.  The T-DNA construct 
used in this section was pST302 (Table 2.5).  After washing, the cocultivation mixture 
was resuspended in 100 µl of IBPOB4 B and directly dropped on the cocultivation 
medium (CM).  After incubated for 20 h at 20°C, the cocultivation mixture was 
scraped off from the CM agar medium and spread on the selection (minimal medium 
without leucine, SD – Leu) and recovery (minimal medium with leucine, SD + Leu) 
plates with appropriate dilutions. The plates were further incubated for 4 days at 30°C.  
Each colony grown on the selection or recovery plates represents the descendants of a 
single yeast cell in the cocultivation mixture.  The transformation efficiency was 
calculated by dividing the number of transformed yeast cells by the number of 
recovered yeast cells. 
To study the effects of chemical inhibitors, the overnight grown yeast cells were 
subcultured into fresh YPD medium containing designated chemical inhibitors (Sigma 
Co.) with the working concentrations described in Table 3.1.  After incubated on ice 
for 30 min, the yeast cultures were further grown at room temperature with a shaking 
speed of 200 rpm for 5 h.  After subculturing, the cocultivation and selection 





Table 3.1  The stock concentrations and working concentrations for the cell-cycle 
inhibitors used in this study. 
 
Cell-cycle 
phase Inhibitor Stock solution 
Working 
concentration (YPD)
α-factor 1 mg/ml in HB2 BO 50 ng/ml 
Tunicamycin 10 mg/ml in DMSO 10 µg/ml G1 
Wortmannin 20 mM in DMSO 20 nM 
Hydroxyurea 1 M in HB2BO 1 mM 
S 
Azaserine 50 mg/ml in HB2 BO 50 µg/ml 
Sodium orthovanadate 100 mM in HB2 BO 100 µM 
G2 
Okadaic acid 1 mM in DMSO 100 nM 
Nocodazole 30 mM in DMSO 30 µM 
Griseofulvin 10 mg/ml in HB2 BO 10 µg/ml M 




To study the effects of pheromone signaling on Agrobacterium-yeast gene 
transfer and LiAc-mediated transformation, the overnight grown yeast cells were 
subcultured into the fresh YPD medium supplemented with 50 ng of α-factor per ml.  
After 3-h subculture, the yeast cells were cocultivated with A. tumefaciens cells on the 
CM medium plates containing 50 ng/ml of α-factor.  The cocultivation mixture was 
scraped off from the CM medium after 20-h cocultivation at 20°C and washed once 
with PBS containing 0.1 mg/ml Pronase E (Sigma Co.).  The selection and recovery 
operations were performed as described previously. 
3.2.2. PCR-mediated one-step gene disruption 
To generate the deletion mutation for a specific yeast gene, PCR-mediated one-
step gene disruption is a simple and facile method (Frederick, 1998).  To completely 
remove a yeast gene from the genomic region, a specific gene disruption cassette was 
constructed, which contained a selection marker flanked by two DNA fragments 
homologous to the 5’ and 3’ ends of the target gene.  After the gene disruption 
cassette was delivered into the yeast cell, homologous recombination between the 
gene disruption cassette and the target gene may result in the replacement of the target 
gene by the selection marker.  Because the selection marker inside the gene disruption 
cassette can only be expressed after integrated into the yeast genome, the yeast cells 
that can grow in the selection medium should contain the integrated marker gene.  
The accurate integration of the marker gene into the targeted genomic region can be 
confirmed by PCR analyses.  In yeast, only 30 to 40 flanking nucleotides with the 
homology to the genomic region are required for the homologous recombination 
machinery, therefore the gene disruption cassettes are generally prepared using two 
PCR primers that amplify the desired selection marker gene flanked by 30 to 40 
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nucleotides with the homology to the target gene.  Details about the strategies used to 
prepare the gene disruption cassette for the yeast BAR1 gene are shown in Figure 3.1.  
Primers used in this study are listed in Table 2.6. 
The gene disruption cassette was amplified following the PCR reactions below.  
1 cycle  95°C for 2 min 
30 cycles 95°C for 30 seconds 
 60°C for 30 seconds 
 72°C for 75 seconds 
1 cycle 72 °C for 10 min 
 
3.2.3. The yeast mating assay 
The assay for yeast mating is similar to Agrobacterium-mediated transformation.  
The mating tester strain US294 was used instead of A. tumefaciens cells. Before 
cocultivation, strain US294 cells were grown overnight and subcultured for additional 
3 h in fresh YPD broth at a concentration of 1 x 10P7 Pcells per ml.  The mating 
experiment was performed between the tester strain and the mutant strains examined 
in this study, 2 x 10P6 Pcells each.  The mating efficiency for each mutant strain was 
calculated by dividing the number of diploid yeast cells (grown on SD – TRP – MET 






Figure 3.1  A schematic illustration of strategies used for PCR-mediated one-step 
gene disruption.  A. The PCR product containing the URA3 selection marker and two 
flanking sequences homologous to the genomic region of BAR1 was introduced into 
the yeast cell by LiAc-mediated transformation.  After the homologous recombination 
between the homologous regions, the BAR1 gene was replaced by the URA3 marker 
gene.  B. The abovementioned bar1 mutant strain was able to grow on the SD – Ura 
selection medium.  Four primers were used to confirm the accurate replacement of the 
BAR1 gene by the URA3 marker.  P1/P2 were used to amplify the genomic region for 
BAR1; P1/P3 were used to amplify the BAR1 coding sequence if it was not replaced 
by URA3; P1/P4 were used to amplify the URA3 coding sequence if it was integrated 







3.3. Results and discussion 
3.3.1. The effects of cell-cycle inhibitors on Agrobacterium-yeast gene transfer 
Previous studies have shown that the growth status and relevant cellular 
functions in a host cell may play a crucial role in the T-DNA translocation and 
integration into the host genome.  For example, plant cells treated by purine 
biosynthesis inhibitors such as acivicin were supersensitive to Agrobacterium-
mediated transformation with up to 180-fold increase (Roberts et al., 2003).  It was 
also shown that plant cells staying in different cell-cycle stages were responding 
differently to Agrobacterium-mediated transformation (Villemont et al., 1997).  Prior 
to the treatment by 2,4-D, a phytohormone, mesophyll cells were highly recalcitrant 
to Agrobacterium-mediated transformation. About 98% of such recalcitrant 
mesophyll cells were staying in the G0-G1-phase.  Phytohormone treatment for 48 h 
could greatly increase the cell population staying in the S-G2-M-phase (75%), and 
consequently the maximal transformation efficiency was observed (>95% explants), 
suggesting that cell-cycle phases may affect the T-DNA transfer inside host cells.  In 
addition, Mimosine and colchicines, two cell-cycle inhibitors for the late G1-phase 
and M-phase respectively, could effectively affect the transformation process.  It was 
shown that mesophyll cells treated by both phytohormone and mimosine were staying 
in the late G1-phase and were recalcitrant to the T-DNA transfer.  Once mimosine 
was removed, the plant cells were able to divide and accommodate the incoming T-
DNA molecules again (82% of explants were transformed).  On the other hand, only 
transient transformations could be observed in the mesophyll cells treated by both 
phytohormone and colchicines, which were staying in the M-phase.  Therefore S-
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phase was proven to be crucial for the stable transformation of mesophyll cells by A. 
tumefaciens cells (Villemont et al., 1997).  
For the yeast S. cerevisiae, three cell-cycle inhibitors, α-factor, hydroxyurea and 
nocodazole are used to arrest yeast cells in the G1-phase, S-phase and M-phase 
respectively.  Some other chemical inhibitors (as shown in Table 3.2) were also 
reported to inhibit the cell-cycle division (Hung et al., 1996; Jackson and Hartwell, 
1990). 
In this study, understanding of the effects of cell-cycle inhibitors on 
Agrobacterium-yeast gene transfer was chosen as the starting point for identifying 
host factors important for Agrobacterium-mediated transformation.  Because most of 
these inhibitors are insoluble in the cocultivation medium, these inhibitors were only 
used to arrest the growth of yeast cells during a 5-h subculture treatment before 
initiating the T-DNA transfer process.  After subculture, yeast cells treated with 
respective cell-cycle inhibitors were further cocultivated with A. tumefaciens for 24 h.  
In a normal growing yeast population, there are roughly three kinds of cell shapes 
indicating yeast cells staying in different cell-cycle stages: round cells in the G0- or 
G1-phase, small-budded cells in the S-phase, and equally-budded or dumb-bell 
shaped cells in the G2- or M-phase.  Because all the inhibitors were only 
administrated during subculture, their functions should only take effects during the 




Table 3.2  The cell-cycle inhibitors used in this study. 
 
Cell-cycle 
phase Inhibitor Description 
α-factor Yeast mating pheromone 
Tunicamycin An inhibitor of N-linked glycosylation G1 
Wortmannin An inhibitor of phosphatidylinositol 3-kinase (PI 3-kinase) 
Hydroxyurea An inhibitor of  ribonucleotide reductase 
S 
Azaserine An inhibitor of de novo purine and pyrimidine biosynthesis 
Sodium orthovanadate An inhibitor of protein tyrosine phosphatases G2 
Okadaic acid An inhibitor of protein phosphatases 
Nocodazole An inhibitor of microtubule structure 
Griseofulvin An inhibitor of microtubule structure M 
Podophyllotoxin An inhibitor of microtubule structure 
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As shown in Figure 3.2, all the treatments by G2-phase and M-phase inhibitors 
were able to increase the transformation efficiency.  On the contrary, all the 
treatments by S-phase inhibitors had decreased the transformation efficiency.  For G1-
phase inhibitors, the treatment by α-factor could increase the transformation 
efficiency, whereas the treatments by wortmannin and tunicamycin had decreased the 
transformation efficiency.  Among all the cell-cycle inhibitors, the treatments by α-
factor and podophyllotoxin had the most striking increase in the transformation 
efficiency.  Although the treatments by most G1-phase and S-phase inhibitors had 
decreased the transformation efficiency, the survival rates of yeast cells treated by 
such inhibitors were also much lower compared to the treatments by other inhibitors.  
Therefore the decreased transformation efficiency could be due to the strong 
cytotoxicity of those inhibitors. 
Considering that all the cell-cycle inhibitors have complicated effects on the 
yeast cell, observations from previous experiments should be cautiously interpreted 
and only served as useful starting points.  For example, all the M-phase inhibitors are 
related to the assembly of microtubule structures and the disruption of microtubule 
structures will impose pleiotropic effects on the cellular functions.  Therefore more 
elaborate and definitive experiments should be done to elucidate whether the M-phase 
growth or the microtubule-related cellular functions are involved in the T-DNA 


















Figure 3.2  The effects of cell-cycle inhibitors on Agrobacterium-yeast gene transfer.  
The WT yeast cells (BY4741) were transformed by A. tumefaciens with the addition 
of cell-cycle inhibitors as described previously.  The mean and standard deviation of 




















































































Among these cell-cycle inhibitors, α-factor, the yeast mating pheromone, is an 
intriguing target for our further studies.  The fact that yeast cells treated by α-factor 
were more sensitive to Agrobacterium-mediated transformation indicates that mating 
responses induced by pheromone treatment may promote the T-DNA transfer inside 
yeast cells.  Because the early stage of T-DNA transfer inside A. tumefaciens is 
similar to the bacterial conjugation, its transfer inside a host cell may also take 
advantages of host cellular mechanisms originally designated for the mating process.  
It has been shown that the primary target of Agrobacterium-mediated transformation 
of Arabidopsis tissues when using the floral-dip assay was the female reproductive 
tissue (Desfeux et al., 2000).  It was shown that only pollen recipient plants were able 
to be transformed by A. tumefaciens.  Furthermore, to achieve a successful floral-dip 
transformation, A. tumefaciens cells should be delivered into the interior of the 
developing gynoecium prior to the locule closure.  This observation strongly suggests 
that the T-DNA transfer process is correlated with the mating process. 
  As a model organism, the budding yeast Saccharomyces cerevisiae is 
extensively studied for its pheromone signaling and subsequent mating responses.  In 
nature, there are two kinds of heterothallic haploid yeast cells with two mating types, 
named as MATa and MATα.  Haploid MATa and MATα yeast cells produce mating 
pheromone, a-factor and α-factor respectively (Kurjan, 1993).  The choice of a mating 
partner involves the detection and subsequent signaling of respective mating 
pheromone.  Mating pheromone stimulates a yeast cell to overexpress mating genes 
and get ready for fusion with its mating partner.  To further understand the pheromone 
signaling pathway and subsequent mating responses, extensive comparative genomic 
and proteomic studies have been done in the yeast model.   Therefore S. cerevisiae is 
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also a good model organism for us to elucidate how T-DNA transfer is correlated with 
the mating process in a host cell.   
3.3.2. Yeast bar1 mutant cells treated by α-factor are supersensitive to 
Agrobacterium-mediated transformation 
Under controlled conditions, an A. tumefaciens cell is able to deliver its genetic 
materials into a yeast cell by either conjugation or T-DNA delivery, which indicates 
some cross-talking mechanisms between these two inter-kingdom genetic transfer 
processes.  It is also suggested that Agrobacterium-mediated transformation is 
correlated with the mating process in plant reproductive tissues.  Therefore in this 
work, I started to use the yeast Sacchromyces cerevisiae to examine the involvement 
of mating responses in the T-DNA transfer process. 
In nature, there are two kinds of heterothallic haploid yeast cells with two 
mating types, named as MATa and MATα (Kurjan, 1993).  Diploid yeast cells (a/α) are 
the product of yeast mating behavior, which are able to propagate by mitosis and may 
generate haploid progenies by meiosis under certain conditions.  Haploid MATa and 
MATα S. cerevisiae cells produce mating pheromone, a-factor and α-factor 
respectively.     
α-factor is a 13-residue polypeptide (sequence: WHWLQLKPGQPMY), 
specifically synthesized in MATα cells. MFα1 and MFa2 encode precursors for α-
factor.  The precursors of α-factor are further glycosylated and processed within the 
classical secretory pathway (ER→Golgi→secretory vesicles) to produce and secret 
mature α-factor (Sabbagh et al., 2001).  In contrast, a-factor, a 12-residue polypeptide 
(sequence: YIIKGVFWDPAC) is produced in MATa cells via a distinctive multistep 
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biogenesis pathway, including the C-terminal farnesylation and carboxymethylation, 
N-terminal proteolysis, and a nonclassical exportP Pmechanism (Chen et al., 1997).  
MFA1 and MFA2 genes encode the precursors of a-factor.  Biogenesis of a-factor is 
under a cytoplasmic biogenesis pathway which includes some membrane-associated 
enzymes involved in the C-terminal modification and N-terminal cleavage.  Secretion 
of mature a-factor involves the Ste6p protein, a membrane-spanning protein with 
similarities to the ABC superfamily of transporters.  Because a-factor is less effective 
for inducing mating responses in MATα cells, using α-factor to induce mating 
responses in MATa yeast is more commonly adopted for the studies of pheromone 
signaling and mating responses in the yeast model.   
During mating, MATa cells sense α-factor and subsequently initiate various 
mating responses, which will be ended by successful mating with MATα cells.  An 
important regulator on the early stage of pheromone signaling of MATa yeast cells is 
the Bar1p protein, a pepsin-like protease (Ballensiefen and Schmitt, 1997).  Bar1p is a 
periplasmic secretion protein encoded by the BAR1 gene in MATa yeast cell.  Bar1p 
may play multiple roles in yeast pheromone signaling.  Firstly, its digestion of α-
factor helps a MATa yeast cell to generate the spatial gradient of pheromone 
molecules towards its potential mating partner which releases the strongest mating 
signal (Barkai et al., 1998). Secondly, it may help yeast cells to recover from 
unsuccessful mating by digesting periplasmic α-factor (Ballensiefen and Schmitt, 
1997).   
In terms of activation of mating response genes and some physiological 
properties for mating preparation such as cell-cycle arrest in the G1 phase and the 
development of mating projection, bar1 mutant cells are supersensitive to the α-factor 
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treatment.  To arrest BAR1 cells, at least 30 µM of α-factor should be applied, 
whereas 30 nM of α-factor is enough to arrest bar1 mutant cells.  Therefore the BAR1 
gene is also named as SST1.  Other than inducing pheromone signaling, high dose 
treatment with α-factor in the absence of mating partners may initiate severe 
programmed cell death in MATa yeast cells (Severin and Hyman, 2002).  In that 
report, after treated with 60 µM of α-factor for 3.5 h, about 30% of MATa yeast cells 
died.  In contrast, less than 10% of bar1 mutant cells died after treated with 30 nM of 
α-factor for 10 h (Zhang et al., 2006).  Therefore, the bar1 mutant strain is always 
chosen for the research on pheromone signaling and subsequent mating responses.  In 
this study, I am using a yeast bar1 mutant strain as the host to examine the effects of 
mating pheromone on Agrobacterium-yeast gene transfer.  
Figure 3.3 shows the efficiency of Agrobacterium-yeast gene transfer with or 
without the addition of α-factor.  Without α-factor, wild-type yeast cells had a 
transformation efficiency of 3.5 x 10 P-6 P, which was about 16% lower compared to the 
bar1 mutant cells (4.2 x 10 P-6 P).  If yeast cells were treated with α-factor during both 
subculture and cocultivation, the transformation efficiency was increased about 80 
folds from 5 x 10P-6 P (WT) to 4 x 10P-4 P(bar1), which indicates that the α-factor treatment 



















Figure 3.3  The effects of α-factor on Agrobacterium-yeast gene transfer. Yeast wild-
type (WT) and bar1 mutant cells were subjected to Agrobacterium-mediated 
transformation with or without the addition of α-factor (αF).  The mean and standard 
deviation of two independent experiments are depicted (in triplicate for each 
experiment). 
 
   

































In a normal yeast population, there are roughly three kinds of cell shapes 
indicating yeast cells staying in different cell-cycle stages: round cells in the G1-phase, 
small-budded cells in the S-phase, and equally-budded or dumb-bell shaped cells in 
the G2- or M-phase (Figure 3.4).  In response to pheromone treatment, yeast cells 
may express mating genes and develop polarized projections, named as shmoo shapes 
(Figure 3.4), which is an important developmental stage for cell fusion (Lipke et al., 
1976).   
Bar1p from the wild-type MATa cell can effectively digest α-factor, which is 
very helpful for a yeast cell to select its mating partner.  So when using a trace amount 
of α-factor, WT yeast cells were able to escape from pheromone treatment once α-
factor was completely destroyed in the culture medium by Bar1p, and there were not 
observable changes in the cell shapes (Figure 3.4), which may account for the less 
effectiveness of pheromone treatment on Agrobacterium-mediated transformation of 
WT yeast cells (Figure 3.3).  The slight increase in the transformation efficiency of 
WT cells after treated with α-factor could be due to partially induced mating responses.  
In contrast, the same amount of α-factor can induce bar1 mutant cells to keep staying 
for mating preparation (Figure 3.4), which could be the reason for about 80-fold 
increase in the transformation efficiency.  Because of the existence of Bar1p, the 
effects of α-factor treatment are not comparable between WT and bar1 yeast cells, 
therefore in the later experiments, all the strains used for studying the effects of α-








Figure 3.4 The morphological changes of yeast cells after cocultivated with A. 
tumefaciens with or without the addition of α-factor.  Yeast cells were subcultured in 
YPD for 3 h before the cocultivation with A. tumefaciens.  After 20-h cocultivation 
with A. tumefaciens in CM, yeast cells were subjected to the microscopy observation. 




As shown in Figure 3.3, various α-factor treatments can increase the 
transformation efficiency of bar1 mutant cells by up to 100 folds.  If α-factor was 
only applied during the 3-h subculture, bar1 mutant cells were able to develop 
schmoo shapes before the cocultivation but not after the cocultivation (Figure 3.4). 
We found that the transformation efficiency was increased about 8 folds after such a 
treatment.  In contrast, the transformation efficiency could be increased about 20 folds 
if α-factor was only included in the cocultivation medium, though no obvious changes 
in the cell shapes were observed.  Therefore pheromone-induced mating responses 
should be responsible for the increased transformation efficiency.  3-h subculture with 
α-factor was also a synchronization treatment, which made bar1 mutant cells stop the 
normal cell division and develop a synchronous population before starting the 
cocultivation process.  Without this subculture treatment, mating responses can still 
be induced by α-factor in the cocultivation medium, but bar1 mutant cells were not 
able to develop the synchronized growth during cocultivation.  Thus α-factor induced 
synchronization and mating responses both contributed to the highest transformation 
efficiency observed in Figure 3.3.  
The fact that α-factor treatments can increase the efficiency of Agrobacterium-
yeast gene transfer prompted us to target at the relationship between T-DNA transfer 
and α-factor induced mating responses.  It was suggested that Agrobacterium-
mediated transformation was following a mechanism similar to the conjugation 
between bacteria and other organisms, but this hypothesis was lack of experimental 
evidence on the host side (Lessl and Lanka, 1994). The effects of α-factor on 
Agrobacterium-yeast gene transfer provide important experimental support for such a 
hypothesis.  
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3.3.3. The effects of pheromone signaling on Agrobacterium-yeast gene transfer 
Haploid MATa and MATα S. cerevisiae cells produce specific mating pheromone, 
a-factor and α-factor respectively.  The choice of a mating partner involves detecting 
and downstream signaling of the yeast pheromone.  Mating pheromone stimulates a 
yeast cell to overexpress mating genes, arrest its cell division in the G1 phase, and 
develop polarized mating projection toward its potential mating partners.  
During mating, the two yeast pheromone a-factor and α-factor can be recognized 
by the trans-membrane receptors Ste3p and Ste2p respectively (Figure 3.5).  After 
binding to the cell surface receptors, signaling of the two mating pheromone will go 
through the same signal transduction pathway, which includes a heterotrimeric G 
Protein and a downstream mitogen-activated protein kinase (MAPK) cascade.  Both 
a-factor and α-factor are peptide pheromone but released through different secretion 
pathways. Besides mating-type specific genes, for example, ASG7 in MATa and 
MFα2 in MATα cells, gene expression profiles in response to the two mating 
pheromone were highly correlated (Roberts et al., 2000).   
Considering that α-factor is more effective and applicable to induce pheromone 
signaling in yeast cells, it is commonly adopted for the study of pheromone response 
pathway.  The signal transduction through pheromone MAPK cascade stimulates a 
yeast cell to change its gene expression profiles such as increasing or decreasing the 








Figure 3.5 A schematic illustration of the pheromone signaling pathway in S. 
cerevisiae.  The two yeast mating pheromone α-factor and a-factor may stimulate the 
trans-membrane receptors Ste2p and Ste3p respectively, which in turn trigger the 
dissociation of the G protein α subunit (Gpa1p) from the G protein βγ subunits (Ste4p 
and Ste8p).  The free G protein βγ subunits further activate a downstream mitogen-
activated protein kinase (MAPK) signaling cascade through the protein kinase Ste20p, 
and the scaffold protein Ste5p of the pheromone MAPK cascade.  The phosphorylated 
MAP kinase Fus3p further activates the Ste12-regulated mating gene expression and 
phosphorylates the cyclin-dependent kinase inhibitor Far1p to induce the G1-phase 
arrest.  FUS1 is a reporter gene for the pheromone-induced gene expression which is 
involved in yeast fusion.  In the absence of Fus3p, the filamentation MAPK Kss1p 
may partially conduct the pheromone signal transduction (Roberts et al., 2000). 
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The basic assembly of a MAPK cascade is a linear three-component module.  
The three protein kinases in a MAPK cascade, including a MAPK kinase kinase 
(MKKK), a MAPK kinase (MKK) and a MAPK, are found in most eukaryotic cells 
with highly conserved molecular architectures (Widmann et al., 1999).  In response to 
diverse extracellular stimuli, MKKK is phosphorylated through its interaction with 
the protein kinase Ste20p which is activated by the heterotrimeric G protein, and in 
turn phosphorylates MKK.  Activated MKK further recognizes and phosphorylates a 
conserved Ser-X-Tyr motif in the activation loop of MAPK.  The final protein kinase 
in the three-component cascade is MAPK which phosphorylates downstream effectors 
on the serine or threonine residues.  Most MAPK substrates are transcription factors 
regulating differentiation, proliferation, apoptosis, cytoskeleton organization and 
adaptation to environmental stress (Martin et al., 2005).  Because different MAPK 
cascades in a eukaryotic cell share significant sequence similarities, how the cell 
mediates signal transduction among different MAPK cascades is a key issue to 
understand various cellular and physiological activities.   
In the yeast S. cerevisiae, there are five MAPK cascades involved in mating, cell 
wall integrity, nutrient deprivation, and responses to high osmolarity (HOG).  The 
pheromone MAPK cascade is a representative MAPK pathway which shares common 
components with the filamentation and HOG pathway.  Pheromone treatment can also 
activate the filamentation and PKC pathway, but their activation by nutritional stress 
cannot initiate the mating responses in WT cells, suggesting the existence of a well-
established specificity control of signal transduction in yeast (Roberts et al., 2000). 
To elucidate cellular mechanisms that cause the increased efficiency of 
Agrobacterium-yeast gene transfer by the α-factor treatment, I generated a series of 
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yeast double mutant strains, each containing deletions in BAR1 and a key regulator on 
the pheromone signaling pathway.  Firstly, I compared the transformation efficiency 
of double mutant strains to that of relevant single mutant strains without pheromone 
treatment.  The double mutant strains were equally sensitive to Agrobacterium-
mediated transformation as the single mutant strains, indicating that there are not 
cross-linked effects between Bar1p and pheromone signaling regulators on the 
transformation process (data not shown).  Then I further examined the transformation 
efficiency of double mutant strains with pheromone treatment.  
Ste2p is a G protein coupled receptor (GPCR) responsible for sensing α-factor in 
a MATa yeast cell.  Activation of Ste2p through its interaction with α-factor may 
cause the complex of Gβ and Gγ (Ste4p and Ste18p), two subunits of the 
heterotrimeric G protein, to be released from the Gα inhibitory subunit (Gpa1p).  The 
Gβγ complex further binds to Ste5p which serves as a scaffold protein for the 
assembly and activation of pheromone response MAPK cascade (Bhattacharyya et al., 
2006).  As shown in previous comparative genomic studies, gene-deletion mutants of 
STE2, STE4 and STE5 were all completely defective for transcriptional changes 
induced by pheromone treatment.  And consequently, all the double mutant cells 
remained normal growth and morphology after pheromone treatment (Roberts et al., 
2000). Consistent with the comparative genomic data, we found that these mutant 
cells didn’t exhibit significant increase in the transformation efficiency after 
pheromone treatment (Figure 3.6).  Therefore pheromone itself should not have any 
effects on the transformation process.  Once the pheromone signaling pathway was 
blocked, there was no more comparable increase in the transformation efficiency as 
bar1 cells.  Thus the effects of pheromone treatment on Agrobacterium-yeast gene 














Figure 3.6  The effects of pheromone signaling on Agrobacterium-yeast gene transfer.  
The mating pheromone signaling through Fus3p enhanced the sensitivity of S. 
cerevisiae cells to Agrobacterium-mediated transformation.  The transformation 
efficiency of deletion mutations in the key regulators for pheromone signaling was 
examined.  Blocking of the pheromone signal transduction through Fus3p could 
repress the stimulating effects of pheromone treatment on Agrobacterium-yeast gene 
transfer.  Whereas Kss1p, the MAPK for filamentation signaling and for conducting 
the pheromone signal transduction in the absence of Fus3p had less effects on 
Agrobacterium-yeast gene transfer.  ‘phero’: pheromone.  The mean and standard 


























































Ste20p was supposed to be activated by Cdc42p, a small GTPase localized to the 
plasma membrane.  In turn, it further phosphorylated the scaffold-bound Ste11p to 
activate the signal transduction of both pheromone response and filamentation 
pathway (Peter et al., 1996).  ste20 mutant cells were shown to be sterile and resistant 
to pheromone stimulation.  As a result, their sensitivities to Agrobacterium-mediated 
transformation were not affected by pheromone treatment (Figure 3.6).  Taken 
together, the pheromone-induced upregulation of Agrobacterium-yeast gene transfer 
is completely relied on the signal transduction through the pheromone response 
MAPK cascade.  
Fus3p is the MAPK for yeast pheromone signaling (Chou et al., 2004; Madhani 
et al., 1997).  In response to pheromone treatment, Fus3p phosphorylates and 
inactivates two functional redundant inhibitors (Dig1p and Dig2p) of Ste12p, a key 
transcription factor regulating both pheromone response and filamentation pathway. 
Ste12p released from inhibitory regulators also activates the expression of Tec1p, a 
transcription factor for the filamentation pathway (Kohler et al., 2002).   
To prevent the activation of filamentation pathway during pheromone signaling, 
Fus3p phosphorylates Tec1p and triggers its degradation through the ubiquitin ligase 
SCFPCdc4 P-mediated ubiquitination (Chou et al., 2004).  But the specificity control of 
Fus3p may occur mainly during the early stage of pheromone signaling. When bar1 
mutant cells were incubated with α-factor for 120 min, the expression of most notable 
filamentation genes could still be activated (Roberts et al., 2000).  This finding was 
further confirmed through the observation of the filamentous growth induced by low 
levels of α-factor treatment, indicating that the activation of filamentation pathway is 
a developmental process for yeast cells to approach their potential mating partners 
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(Erdman and Snyder, 2001).  In the absence of Fus3p, Kss1p, the filamentation 
MAPK, can partially take over its task to conduct the pheromone signal transduction.  
When using the gene-deletion mutants of FUS3, we found that the strong 
positive regulation of pheromone treatment was almost abolished in the mutant cells. 
In contrast, kss1/bar1 mutant cells still exhibited the supersensitivity to 
Agrobacterium-mediated transformation (Figure 3.6).  In WT yeast cells, the 
expression of KSS1 remained basal levels after pheromone treatment.  But in fus3 
mutant cells, Kss1p appeared to be a pheromone-inducible protein and was able to 
activate the filamentation pathway, and partially the pheromone signaling pathway 
(Roberts et al., 2000).  The fact that fus3/bar1 mutant cells did not possess the 
pheromone-induced supersensitivity to Agrobacteirum-mediated transformation 
indicates the functional difference among the expression profiles activated by Fus3p 
and Kss1p respectively.  This difference also suggests that the pheromone signaling 
pathway activated by Fus3p plays a major role in regulating yeast cells for 
accommodating A. tumefaciens T-DNA. 
Studies of yeast pheromone MAPK signaling have clearly pointed out the 
regulators of pheromone promoted Agrobacterium-yeast gene transfer.  This increase 
is strictly regulated by efficient signal transduction through the MAPK mating 
response pathway.  Fus3p functions as a dominant controller.  Although Kss1p may 
partially substitute its functions for activating mating responses when it is absent, 
signaling through Fus3p is indispensable for the pheromone stimulated 
Agrobacterium-yeast gene transfer.  
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3.3.4. The effects of pheromone responsive effectors on Agrobacterium-yeast 
gene transfer 
Fus3p, the dominant mating response MAPK, has various downstream effectors, 
including Ste12p and Far1p etc. (Figure 3.5).  Ste12p is a transcription factor 
regulated by both Fus3p and Kss1p (Chou et al., 2006).  Once activated, it activates 
the expression of pheromone-inducible mating genes with a consensus sequence 
TGAAACA in their promoter regions, namely pheromone response elements (PREs).  
Ste12p can also activate the expression of Tec1p that further recruits it to the Tec1-
binding sites (TCSs) for the activation of filamentation genes (Chou et al., 2006; 
Kohler et al., 2002).  Therefore Ste12p is the key regulator of both pheromone 
responses and the filamentation pathway.  Deletions in the STE12 gene make the yeast 
cell non-responsive to pheromone treatment.  Consistent with previous observations, 
we found that the transformation efficiency of ste12/bar1 double mutant cells was not 
changed in response to pheromone treatment (Figure 3.7), which indicates that the 
pheromone stimulated Agrobacterium-yeast gene transfer is driven by the 
transcription factor Ste12p specialized for mating responses.  This observation further 
confirms that mating responses are correlated with the T-DNA transfer inside yeast 
cells. 
Another downstream effector of Fus3p is Far1p that is responsible for the G1-
phase arrest of yeast cells through its interaction with an essential cyclin-dependent 
protein kinase Cdc28-Cln when it is activated by the mating pheromone signaling 
(Peter and Herskowitz, 1994).  During the pheromone signaling, Far1p is 
phosphorylated by Fus3p, which contributes to its inhibitory function on the cell cycle 
progress.  far1 mutant cells have normal pheromone-induced activation of Ste12p and 
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relevant phenotypic changes, but cannot be arrested in the G1-phase.  According to 
the microarray data, Far1p was only required to repress the expression of specific 
genes for cell-cycle progress (Roberts et al., 2000).  We found that deletion of FAR1 
didn’t affect the pheromone induced supersensitivity of bar1 mutant cells to 
Agrobacterium-mediated transformation (Figure 3.7), suggesting that the G1-phase 
arrest induced by mating pheromone contributes little to the stimulated 
Agrobacterium-yeast gene transfer. 
Another important downstream effector of pheromone signal transduction is 
Fus1p, a membrane protein required for the cell fusion during yeast mating.  To form 
the diploid zygote with its mating partner, a yeast cell needs to develop an elongated 
projection (namely schmoo) and remodel its cell surface structure in preparation for 
the upcoming membrane and nuclear fusion.  Fus1p is a pheromone-inducible protein, 
and is localized to the projection tip where it serves as a scaffold protein for the 
assembly of a cell surface complex, which is responsible for removing membrane 
septum and promoting cell fusion.   fus1 mutant cells were unable to develop schmoo 
shapes and had some defects in cell fusion during mating (Nelson et al., 2004).   
Considering that the unique schmoo structure may affect Agrobacterium-yeast gene 
transfer, I further examined the transformation efficiency of fus1/bar1 double mutant 
cells.  After pheromone treatment, we only observed a slight decrease in the 
transformation efficiency compared to the bar1 mutant cells (Figure 3.7), indicating 
that the fusion mechanisms induced by pheromone signaling have little influence on 
















Figure 3.7  The effects of pheromone responsive effectors on Agrobacterium-yeast 
gene transfer.  The upregulation of mating gene expression through the transcription 
factor Ste12p may stimulate Agrobacterium-yeast gene transfer.  Three downstream 
effectors of the yeast pheromone signaling, Ste12p, Far1p and Fus1p were tested for 
the transformation efficiency.  The G1-phase arrest and the unique schmoo structure 
for yeast fusion induced by pheromone signaling had few effects on the 
transformation process.  In contrast, the deletion mutant of STE12 was not responsive 
to pheromone treatment, and consequently the transformation efficiency was not 
affected by pheromone treatment.  ‘phero’: pheromone.  The mean and standard 












































Taken together, G1-phase arrest and the cell-fusion process induced by 
pheromone treatment cannot reflect the cellular mechanisms underlying the 
pheromone-induced supersensitivity of yeast cells to Agrobacterium-mediated 
transformation.  Therefore the profiles of mating gene expression and onwards 
cellular activities for mating preparation regulated by Ste12p should provide the 
major contribution to the enhanced transformation efficiency.  Recent years, much 
more valuable information have been obtained for understanding yeast pheromone 
signaling and mating responses at the genomic and proteomic levels, which should 
enable us to find out potential host factors important for Agrobacterium-eukaryote 
gene transfer.  
3.3.5. The pheromone-stimulated Agrobacterium-yeast gene transfer is 
correlated with yeast mating 
Previous results indicate the correlation between T-DNA transfer and yeast 
mating responses.  It is also evident that Fus3p and its downstream effector Ste12p are 
the key regulators of the pheromone-stimulated Agrobacterium-yeast gene transfer.  
These results strongly suggest that A. tumefaciens is able to make use of the yeast 
mating system for its T-DNA delivery inside yeast cells.   
Although previous results from different sources have shown the regulatory 
effects of pheromone signaling components on yeast mating, it is still lack of a 
quantitative comparison among the deletion mutants of yeast pheromone signaling 
components for their mating capabilities, especially in the cocultivation medium.  If 
T-DNA transfer inside a yeast cell is correlated with the mating process, different 
regulatory effects of various pheromone signaling components on the Agrobacterium-
yeast gene transfer process should be also observed during yeast mating.   
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In order to further examine the linkage between T-DNA transfer and yeast 
mating, I systematically compared the mating capabilities of relevant yeast mutant 
cells with the deletions in respective pheromone signaling components. 
Table 3.3 shows the mating efficiency of yeast mutant cells with the deletions in 
respective pheromone signaling components.  Generally, bar1 yeast cells can 
efficiently mate with their mating partners.  The mating efficiency could reach as high 
as 0.9.  Most sterile mutants (ste4/bar1, ste5/bar1, ste12/bar1 and ste20/bar1) were 
not able to mate with their mating partners.  fus1/bar1 and far1/bar1 mutant cells had 
some defects in mating, which decreased the mating efficiency by about 3 folds.  The 
ste2/bar1 mutant cells were still able to mate, though the mating efficiency was much 
lower (3 x 10P-5 P).  Similar to the pheromone-stimulated Agrobacterium-yeast gene 
transfer, Fus3p is still the dominant regulator for yeast mating.  The deletion in FUS3 
could decrease the mating efficiency by 30 folds compared to the deletion in KSS1, 
which is similar to the decrease in the efficiency of Agrobacterium-yeast gene transfer 
in response to pheromone treatment.  Therefore the yeast mating and the T-DNA 
transfer inside yeast cells are correlated in response to pheromone treatment. 
The treatment by the yeast mating pheromone α-factor could increase the 
efficiency of Agrobacterium-yeast gene transfer by up to 100 folds.  Such a 
stimulating effect requires the yeast genes responsible for the mating process, but not 
for the pheromone-responsive genes involved in the G1-phase arrest or the 
filamentation growth.  This indicates that an active process involving mating genes 
can enhance the competency of yeast cells to receive the foreign T-DNA, and the T-




Strain Mating efficiency ±  SD (×10P-5 P) 
bar1  89455.9 ±  18066.5 
ste2/bar1  3.1 ±  1.5 
ste4/bar1  N/D 
ste5/bar1  N/D 
ste20/bar1  N/D 
fus3/bar1              3199.7 ±  498.6 
kss1/bar1  91541.7 ±  19706.7 
ste12/bar1  N/D 
far1/bar1 32447.3 ±  8428.9 
fus1/bar1 36355.1 ±  5856.4 
 
Table 3.3  The effects of mating response genes on yeast mating under the 
cocultivation conditions.  The mating efficiency was determined by an assay similar 
to Agrobacterium-yeast gene transfer.  The mating tester strain US294 was used 
instead of A. tumefaciens.  The mating experiment was performed between the tester 
strain and relevant mutant strains on CM.  The mating efficiency of a yeast mutant 
was defined as the number of diploid yeast cells (colony number on SD – TRP – MET 
+ G418 medium) divided by the number of recovered yeast cells (colony number on 
SD – TRP + G418 medium).  The fus3/bar1 mutant cells had a much lower mating 
efficiency (0.03) compared to the bar1 mutant cells (0.9). SD: standard deviation; 
N/D: non-detectable; the mean and SD of two independent experiments are shown (in 
duplicate for each experiment).   
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3.3.6. Yeast mating pheromone may stimulate LiAc-mediated transformation of 
yeast cells  
Previous observations in this study have presented strong evidence in supporting 
that the yeast mating pheromone α-factor can stimulate the T-DNA transfer from A. 
tumefaciens to S. cerevisiae.  Considering that the T-DNA transfer process is assisted 
by many bacterial virulence proteins such as VirD2, VirE2, VirE3 and VirF, we 
further want to examine whether the cellular responses induced by pheromone 
treatment can promote other DNA transfer processes without the assistance from 
bacterial virulence factors.  To introduce foreign DNA molecules into a yeast cell, 
electroporation and lithium acetate (LiAc)-mediated transformation are the two major 
experimental methods.  Compared to the electroporation, LiAc-mediated 
transformation generally has higher transformation efficiency and can be carried out 
easily and efficiently.  Thus LiAc-mediated transformation is mostly used for yeast 
genetic studies and library screens. 
The general procedures for a LiAc-mediated transformation of yeast cells 
include a two-generation subculture treatment to generate competent cells and a 
subsequent heat-shock treatment at 42°C for 15 to 30 min.  To examine the effects of 
pheromone treatment on LiAc-mediated transformation, we firstly treated the yeast 
cells with α-factor during the two-generation subculture. Although the transformation 
efficiency after pheromone treatment for bar1 mutant cells was increased about 5 
folds, the number of yeast cells recovered after the transformation process was much 
lower than that of the transformation without pheromone treatment (data not shown).  
This observation indicates that the yeast cells treated by α-factor are unable to survive 
the LiAc-mediated transformation process.     
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Previous observations in the microarray studies of pheromone induced mating 
responses have shown that 30-min treatment with α-factor was enough to induce the 
expression of most yeast mating response genes in the bar1 mutant cells (Roberts et 
al., 2000).  Therefore 30-min treatment with α-factor was used to examine the effects 
of mating responses on LiAc-mediated transformation of yeast cells, in that the 
pheromone treatment may not cause lethal effects on the yeast cells. 
As shown in Figure 3.8, the efficiency of LiAc-mediated transformation of yeast 
bar1 mutant cells was increased about 6 folds after treated by α-factor.  The efficiency 
of kss1/bar1 double mutant cells for LiAc-mediated transformation was also increased 
about 6 folds after the pheromone treatment.  In contrast, the fus3/bar1 double mutant 
cells were not responsive to the pheromone treatment.  This observation indicates that 
the pheromone signaling through Fus3p and Kss1p, the two regulatory MAPKs, have 
different effects on LiAc-mediated transformation, which is consistent with the 
pheromone-stimulated Agrobacterium-yeast gene transfer.  Therefore, the mating 
responses induced by the Fus3p-mediated pheromone signaling should enhance the 
competency of yeast cells to accommodate foreign DNA molecules, not only 











Figure 3.8  The effects of pheromone treatment on LiAc-mediated transformation of 
yeast cells.  The LiAc-mediated transformation was performed as described 
previously besides the modifications below.  After 3-h subculture, the yeast cells were 
further grown for 30 min with or without the addition of α-factor.  Then the yeast cells 
were collected and subjected to LiAc-mediated transformation.  The plasmid DNA 
used here was pST302.  ‘phero’: pheromone.  The mean and standard deviation of two 
independent experiments are depicted (in triplicate for each experiment).   
 


































3.3.7. Yeast genetic profiles in response to the mating pheromone treatment 
As the only natural inter-kingdom transformation example, Agrobacterium-
mediated transformation always serves as an important model for the study and 
development of transgenic techniques.  Other than its natural host of plant, A. 
tumefaciens is capable of delivering its T-DNA into yeast, fungal and mammalian 
cells.  Studies in this work have clearly shown that yeast mating pheromone can 
greatly increase the efficiency of Agrobacterium-yeast gene transfer, which indicates 
that yeast cells staying for mating preparation are supersensitive to the T-DNA 
delivery from A. tumefaciens.  This finding provides us a promising tool which will 
facilitate our further exploitation of the Agrobacterium-mediated transformation 
system, since it is not only a facile method for promoting the T-DNA delivery but also 
an established model for identifying important host factors affecting the T-DNA 
transfer process.   
Mating responses induced by α-factor in the yeast S. cerevisiae represent an 
important model for understanding the interactions between signal and receptor 
molecules, which further lead to the identification of signal transduction pathways and 
downstream effectors.  α-factor is produced by the haploid MATα yeast cells that can 
be detected by the haploid MATa yeast cells which on the other hand secret a-factor 
for the signaling by the haploid MATα cells.  During yeast mating, a-factor and α-
factor can be recognized by their trans-membrane receptors Ste3p and Ste2p 
respectively.  After binding to the cell surface receptors, pheromone signaling will go 
through the same signal transduction pathway, which includes a heterotrimeric G 
Protein and a downstream mitogen-activated protein kinase (MAPK) cascade 
containing a MAPK kinase kinase (MKKK), a MAPK kinase (MKK) and a MAPK.  
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Both a-factor and α-factor are peptide pheromone but released through different 
secretion pathways.  Besides mating-type specific genes, for example, ASG7 in MATa 
and MFα2 in MATα cells, gene expression profiles in response to the two yeast 
pheromone were highly correlated (Roberts et al., 2000).  The signal transduction 
through the pheromone response MAPK cascade stimulates a yeast cell to change its 
gene expression profiles such as increasing or decreasing the expression of specific 
genes, which is indispensable for a successful mating.   
In the yeast S. cerevisiae, there are five MAPK cascades involved in mating, cell 
wall integrity, nutrient deprivation, and responses to high osmolarity (HOG). The 
pheromone MAPK cascade is a representative MAPK pathway which shares common 
components with the filamentation and HOG pathway. The pheromone treatment can 
also activate the filamentation and PKC pathway, but their activation by nutritional 
stress cannot initiate the mating responses in WT yeast cells, suggesting the existence 
of a well-established specificity control of signal transduction in yeast (Roberts et al., 
2000).   
Because the basic assembly of a MAPK cascade is highly conserved in most 
eukaryotic cells, extensive research has been done to understand the yeast pheromone 
signaling through MAPK cascades (Widmann et al., 1999).  Considering that most 
substrates of MAPK cascades are transcription factors regulating differentiation, 
proliferation, apoptosis, cytoskeleton organization and adaptation to environmental 
stress (Martin et al., 2005), understanding of downstream effector proteins will 
undoubtedly help us to understand cellular mechanisms underlying the effects of 
pheromone signaling on Agrobacterium-yeast gene transfer, and more importantly 
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will help us to find more host factors affecting the T-DNA transfer process according 
to the changes at transcriptional and translational levels after pheromone treatment.   
Recent developments in proteomics and microarray analyses have greatly 
promoted our understanding of the pheromone signal transduction pathway and 
downstream effectors.  In 2000, a genome-wide analysis of yeast mating responses to 
the α-factor treatment at the transcriptional level was carried out (Roberts et al., 2000).  
Using the two-dimensional clustering DNA microarray analysis, 383 yeast genes were 
identified to be highly regulated by the mating pheromone treatment, whose 
transcriptional levels were changed more than three folds referring to a 99% 
confidence level.  This pioneering work also revealed the cross-talking and 
overlapping of multiple mitogen-activated protein kinase (MAPK) pathways, which 
reflect the association of biological responses with the activation and perturbation of 
signal transduction pathways.   
Because transcriptional analyses alone may not reflect the real rates of protein 
synthesis which is regulated jointly by transcription and translation machineries, 
further efforts were performed to elucidate the mating responses on the translational 
levels.  Considering that the density of ribosome packing on transcript mRNA 
molecules is proportional to the rate of protein synthesis, a combinatorial analysis of 
transcript accumulation and selective ribosome loading could be able to reflect the 
translational fluctuation.  Through a high-resolution microarray analysis of transcript 
distributions across ribosome loading patterns, the gene expression profiles in yeast 
cells activated by the mating pheromone treatment were further presented, which was 




Figure 3.9  The profiles of yeast mating pheromone responsive genes.  A. The 
profiles of yeast genes repressed by pheromone treatment.  B. The profiles of yeast 
genes induced by pheromone treatment.  The number of pheromone responsive yeast 
genes for each category is shown as the bold letter.  This study was based on the 
Saccharomyces Genome Database (SGD) and the dataset for pheromone responsive 
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Based upon the online published data about gene expression profiles in the yeast 
S. cerevisiae for mating preparation and the online database of Sacchromyces genome 
database (SGD), I carried out a bioinformatics research on those highly regulated 
genes in accordance to their phenotypes by retrieving relevant publications.  In this 
study, I categorized all the yeast genes with known biological activities, whose 
expression levels were changed at least five folds in response to the α-factor treatment.  
In summary, the expression levels of 458 yeast genes were highly regulated in 
response to pheromone treatment, 214 of which have known biological and cellular 
functions.   
As shown in Figure 3.9A, the expression levels of 73 yeast genes were 
decreased more than 5 folds in the bar1 mutant cells after pheromone treatment.  19 
genes encode transporter proteins that are required for the transport of nutrient 
substance such as amino acids and glucose, which represents the largest group of the 
repressed yeast genes in response to pheromone treatment.   Yeast genes that were 
down-regulated in response to pheromone treatment are related to various cellular 
functions, including biosynthesis and metabolic pathways (11 genes), yeast budding 
(3), regulation of transcription and translation (12), chromosome division and 
maintenance (10), protein trafficking (5), and some other cellular functions such as 
heat-shock responses, pathogen resistance and cell wall stability etc.  
In addition to those down-regulated yeast genes, more up-regulated yeast genes 
in response to pheromone treatment were identified (Figure 3.9B).  An interesting 
finding is that the cellular function of mitochondria is strongly correlated with 
pheromone treatment.  Totally 25 up-regulated yeast genes are related to the structural 
and functional composition of mitochondria and the mitochondrial ATP synthesis.  
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This correlation between the cellular functions of mitochondria and pheromone 
treatment strongly suggests that the yeast mating process is an energy dependent 
cellular process, and the T-DNA delivery process inside yeast cells could be an active 
cellular process which is also energy dependent. 
Previous studies about Agrobacterium floral dip transformation have 
demonstrated that the female reproductive tissues are the primary targets of T-DNA 
transfer (Desfeux et al., 2000), suggesting that plant sexual cells should behave 
differently for uptaking T-DNA molecules.  In this work, we showed that the 
pheromone-induced yeast cells were supersensitive to Agrobacterium-mediated 
transformation, indicating that the mating pheromone treatment may increase the 
competency of yeast cells to accommodate the A. tumefaciens T-DNA.  In the yeast S. 
cerevisiae, the mating responses involve a representative signal transduction network 
regulating specific cellular and physiological mechanisms.  Previous achievements in 
comparative genomic and functional genomic studies in the yeast model should help 




3.3.8. The Effects of representative pheromone responsive yeast genes on 
Agrobacterium-yeast gene transfer 
As the simplest eukaryotic model organism, tremendous efforts have been done 
in the budding yeast S. cerevisiae to elucidate various cellular mechanisms at the 
genomic and proteomic levels.  Some free online databases such as the Sacchromyces 
genome database (SGD) and the comprehensive yeast genome database (CYGD) in 
MIPS have comprehensively retrieved useful published information about each 
identified yeast gene.  Therefore according to the cellular functions and the mutant 
phenotypes, I was able to categorize all the mating pheromone inducible yeast genes 
with at least 5-fold changes in their expression levels in response to pheromone 
treatment.  In summary, there are 458 mating pheromone inducible yeast genes, 214 
of which have known biological and cellular functions.  In this study, I further studied 
the effects of some representative pheromone responsive yeast genes on 
Agrobacterium-yeast gene transfer. 
Table 3.4 shows the pheromone responsive yeast genes chosen for this study.  
The α-factor treatment is able to induce a MATa yeast cell to undergo a serial changes 
morphologically and physiologically for the fusion and material exchange with its 
mating partner, which could be utilized to facilitate the T-DNA delivery into the yeast 
nucleus.  In this study, I focused my efforts on the pheromone responsive yeast genes 
belonging to two major categories of cellular activities: chromosome maintenance & 









0.052 XRS2p Involved in repairing double strand breaks 
0.089 MSH6p Involved in mismatch repair 
0.16 RIF1p Involved in telomere regulation 
5.707 MLH3p Involved in mismatch repair 
8.003 MCM22p Involved in minichromosome maintenance 
20.078 REC102p Involved in meiotic recombination 





















50.984 PCH2p Involved in chromosome segregation 
0.031 VPS15p Serine/threonine protein kinase involved in vacuolar protein sorting 
0.078 MNN1p Integral membrane glycoprotein of the Golgi complex 
0.157 VID24p Involved in the targeting of fructose-1,6-bisphosphatase (FBPase) to the vacuole 
5.815 EMP47p Involved in COPII binding 
7.284 VPS51p Involved in protein recycling from endosomes to the late Golgi 
8.933 VPS65p Involved in vacuolar Protein Sorting 











14.023 PRM8p Involved in COPII binding 
 
 
Table 3.4  The cellular functions of yeast proteins encoded by the pheromone 
responsive genes chosen for this study.  Two categories of cellular functions were 
chosen for this study, including the chromosome maintenance & DNA repair and 
protein trafficking.  These proteins are listed according to the translational changes 
induced by pheromone treatment (MacKay et al., 2004). 
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Figure 3.10A shows the effects of pheromone responsive yeast genes related to 
chromosome maintenance & DNA repair on Agrobacterium-yeast gene transfer.  
Among all the yeast mutant strains, only the transformation efficiency of msh6 mutant 
cells was decreased by about 50%.  Other mutant cells had similar transformation 
efficiency compared to the WT yeast cells.   
msh6 mutant cells are deficient in synthesizing Msh6p that is required for the 
mismatch repair during mitosis and meiosis.  It interacts with Msh2p to forms a 
protein complex that may repair both single-base and insertion-deletion mispairs 
(Bowers et al., 1999).  It was shown that Msh6p and Msh2p interacts asymmetrically 
with the targeted DNA through base-specific stacking and hydrogen-bonding 
interactions as well as backbone contacts (Drotschmann et al., 2001).  Msh6p was 
supposed to coordinate the mismatch binding with additional mismatch repair 
components such as the Mlh1p-Pms1p complex to form a ternary complexe by using 
its ATP binding or hydrolysis activity (Habraken et al., 1998).  Considering that 
Msh6p is involved in the mismatch repair, it may play a role in T-DNA 
recircularization or integration into the yeast genome.  But its effects on 
Agrobacterium-yeast gene transfer were limited due to the slightly decreased 
transformation efficiency of its mutant cells.  As shown in Figure 3.10A, deletions in 
all the representative pheromone responsive yeast genes for DNA repair & 
chromosome maintenance had no striking effects on Agrobacterium-yeast gene 
transfer, suggesting that these genes are not the dominant host factors involved in the 










































Figure 3.10  The effects of pheromone responsive yeast genes on Agrobacterium-
yeast gene transfer.  A. The transformation efficiency of yeast mutants related to the 
chromosome maintenance & DNA repair.  B. The transformation efficiency of yeast 
mutants related to protein trafficking.  The mean and standard deviation of two 


























































































In contrast, the results from pheromone responsive yeast genes related to protein 
trafficking as shown in Figure 3.10B indicate some important regulators for the T-
DNA transfer inside yeast cells.  The transformation efficiency of several mutant 
strains such as vps15, vps51, vps65 and ypk1 were increased by more than 20 folds 
compared to the WT yeast cells.   
In the yeast S. cerevisiae, Vps15p, Vps51p and Ypk1p represent 3 different 
kinds of membrane trafficking systems for the protein trafficking inside yeast cells.  
Vps15p is a membrane-associated serine/threonine protein kinase located on the 
surface of the yeast endosome, which is required for the vacuolar protein sorting and 
autophagy (Stack et al., 1993).  Vps51p is a component of the tetrameric Golgi-
associated retrograde protein (GARP) complex, containing Vps51p, Vps52p, Vps53p 
and Vps54p (Conibear et al., 2003; Conibear and Stevens, 2000).  Ypk1p belongs to 
the AGC kinase family in S. cerevisiae, which has four members, Ypk1p, Ypk2p, 
Pkc1p and Sch9p.  Ypk1p is a sphingoid base-regulated serine/threonine kinase, 
which is required for both receptor-mediated and fluid-phase endocytosis but not 
necessary for receptor phosphorylation and ubiquitination (Sun et al., 2000).  
Although Vps65p was found to be related to vacuolar protein sorting, its cellular 
functions have not been studied yet.  The facts that three functional different 
membrane trafficking components can negatively regulate the T-DNA transfer 
process indicate that membrane trafficking systems inside the yeast cells could be 
involved in Agrobacterium-yeast gene transfer.  
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3.3.9. The effects of three membrane trafficking systems on Agrobacterium-
yeast gene transfer 
Although it is believed that the nuclear import of T-DNA is dependent upon the 
nuclear localization sequences located on its associated bacterial virulence proteins 
such as VirD2 and VirE2, it still remains unknown that how a T-DNA complex is 
transferred through the cytoplasm of the eukaryotic host.  Studies on viral infection 
have shown that virus generally makes use of host membrane trafficking systems such 
as endocytotic pathways for the transport of viral particles inside the host cytoplasm. 
Previous results in this chapter also indicate that some components of yeast 
membrane trafficking systems can negatively regulate the T-DNA transfer inside 
yeast cells.  Deletion mutants of the components of some membrane trafficking 
systems may result in the increase of transformation efficiency by more than 20 folds.  
Considering that all the yeast mutants with higher transformation efficiency as shown 
in Figure 3.10 represent three different membrane trafficking systems including 
endocytosis, vacuolar protein sorting and Golgi-associated retrograde, I further 
focused my efforts on the abovementioned membrane trafficking systems containing 
Ypk1p, Vps15p and Vps51p respectively (Table 3.5).  
Endocytosis is a general cellular mechanism for eukaryotic cells to internalize 
extracellular materials.  Internalization of activated signaling receptors into the 
endocytic pathway plays a key role in regulating signal transduction, nutrient uptake, 
and ion homeostasis, which involves many types of regulatory proteins such as 
protein and lipid kinases, phosphatases, GTPases, and proteins regulating actin 
dynamics.  Some lipid messengers, i.e. phosphoinositides, sphingolipids and sterols, 
are also key regulators of endocytotic events (D'Hondt et al., 2000).  As the structural 
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component of plasma membrane, sphingolipids play a pivotal role in regulating signal 
transduction pathways such as the pheromone signaling pathway. By activating 
regulatory phosphorylation cascades, sphingoid bases and ceramides are responsible 
for the endocytosis of clathrin (Bauerfeind et al., 1997; Wilde et al., 1999), dynamin 
(Robinson et al., 1993) and epsin (Chen et al., 1999) etc. 
A downstream effector of sphingoid base-mediated signaling pathway is Ypk1p, 
which is required for both receptor-mediated and fluid-phase endocytosis but not 
necessary for receptor phosphorylation and ubiquitination (Sun et al., 2000).  Its 
mammalian homologue SGK, a serum- and glucocorticoid-induced kinase, can 
complement its function in the yeast ypk1 mutant cells.  Ypk1p is a serine/threonine 
protein kinase, belonging to the AGC kinase family in S. cerevisiae.  It has a S. 
cerevisiae homologue, Ypk2p (68% identical).  All the members of the AGC kinase 
family have similar amino acid sequences in their activation loops that can be 
phosphorylated by Pkh1p and/or Pkh2p, which is necessary for efficient 
internalization through this endocytotic pathway. 
To understand the effects of the Ypk1p-mediated endocytotic pathway on T-
DNA transfer inside yeast cells, I further compared the transformation efficiency of 
the deletion mutants of YPK1, YPK2, PKH1 and PKH2.  As shown in Figure 3.11, 
only ypk1 mutant cells showed higher sensitivity to Agrobacterium-mediated 
transformation than that of WT yeast cells, suggesting that only Ypk1p is involved in 
the T-DNA transfer process.  It was reported that the function of Ypk1p cannot be 
replaced by Ypk2p, whereas the function of Ypk2p in endocytosis could be fully 
assumed by Ypk1p (deHart et al., 2002).  Therefore it is possible that only Ypk1p is 
involved in the T-DNA transfer process.  Pkh1p and Pkh2p are the upstream 
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regulators for both Ypk1p and Ypk2p. Although Ypk1p is preferentially 
phosphorylated by Pkh1p, Pkh2p was reported to phosphorylate Ypk1p in vitro 
(Roelants et al., 2002).  Thus it is possible that the single mutant of PKH1 or PHK2 
has no effects on the T-DNA transfer process.  Both of the double mutants of 
ypk1/ypk2 and pkh1/pkh2 cannot survive, suggesting that there are no other 
complementary partners involved in this endocytotic pathway. 
Both of the phosphorylation and intracellular localization of Ypk1p were 
regulated by the intracellular sphingolipid levels.  Ypk1p can be localized to the bud 
neck, cytosol and plasma membrane (Sun et al., 2000).  It was demonstrated that the 
Ypk1-EGFP fusion protein was distributed on the plasma membrane and in the 
cytosol during normal cell cycles.   In the S-phase, more Ypk1-EGFP was found on 
the plasma membrane, especially in the budding area.  Similarly in the G2-phase, it 
was accumulated in the septum between a mother cell and its daughter cell.  The 
plasma membrane localization of Ypk1p-EGFP was almost abolished in the case of 
ISP-1-induced sphingolipid depletion.  Therefore Ypk1p should be functional during 
certain cell-cycle phases, which is induced by the intracellular sphingolipid levels.  
The fact that the ypk1 mutant cells are more sensitive to Agrobacterium-mediated 
transformation indicates that the Ypk1p-mediated endocytotic pathway could be 




Table 3.5  A brief introduction to three pheromone responsive membrane trafficking 
components in S. cerevisiae (information obtained from the Saccharomyces Genome 
Database, SGD). 
 
Protein Functional complex Description 
Ypk1p Pkh1p; Pkh2p/ Ypk1p;Ypk2p 
Serine/threonine protein kinase required for 
receptor-mediated endocytosis. 
Vps15p Vps15p/ Vps34p Myristoylated serine/threonine protein kinase involved in vacuolar protein sorting. 
Vps51p Vps51p/ Vps52p/ Vps53p/  Vps54p. 
A component of the Golgi-associated retrograde 
protein (GARP) complex required for protein 




















Figure 3.11 The effects of Ypk1p-assortiated protein complex on Agrobacterium-
yeast gene transfer.  The mean and standard deviation of two independent 
experiments are depicted (in duplicate for each experiment). 
 
  






























Following the endocytotic pathway, membrane vesicles from the plasma 
membrane (PM) are targeted to the early endosome structures and further directed to 
the multivesicular body (MVB, also known as the prevacuolar compartment – PVC or 
late endosome).  MVB is the meeting joint of endocytotic and exocytotic pathways, 
which is responsible for sorting vesicle cargos to the vacuole for degradation.  One 
fundamental characteristics of a eukaryotic cell is to sort and deliver proteins 
accurately and efficiently to their respective functional sites.  Vacuolar sorting 
proteins (VPSs) in the yeast S. cerevisiae are crucial for directing soluble vacuolar 
hydrolases such as carboxypeptidase Y (CPY), proteinase A (PrA) and proteinase B 
(PrB) to the vacuole, equivalent to the lysosome in mammalian cells (Stack et al., 
1993).  Mutations in the vacuolar sorting proteins may cause vacuolar proteins 
synthesized from the late Golgi compartments to be mis-localized or secreted.    
Vps15p is a membrane-associated serine/threonine protein kinase localized on 
the surface of yeast endosomes.  By phosphorylation, Vps15p is able to recruit and 
activate Vps34p.  Vps34p is the only phosphatidylinositol 3-kinase (PtdIns 3-kinase) 
identified in the yeast S. cerevisiae (Schu et al., 1993).  Once phosphorylated by 
Vps15p, it is able to generate phosphatidylinositol 3-phosphate (PtdIns3P), a second 
messenger in yeast (Slessareva et al., 2006).  In contrast to other second messengers 
such as cAMP and calcium, PtdIns3P cannot diffuse freely inside cytoplasm and 
consequently remains stable association with the endosome membrane, the site of its 
synthesis (Gillooly et al., 2000).  There are at least two multisubunit Vps34p-Vps15p 
PtdIns 3-kinase complexes, which contain specific regulatory proteins such as 





















Figure 3.12 The effects of Vps15p-assortiated protein complex on Agrobacterium-
yeast gene transfer.  The mean and standard deviation of two independent 




































The transformation efficiency for the deletion mutants of abovementioned yeast 
genes are shown in Figure 3.12.  The vps15 and vps34 mutant cells exhibited similar 
transformation efficiency which was about 20-fold higher than that of WT yeast cells.  
Deletions in APG14 and VPS38 resulted in minor changes in the transformation 
efficiency, suggesting that the Apg14p-directed autophagy and Vps38p-directed 
sorting pathway are not involved in the T-DNA transfer process.  These results 
indicate that the Vps34p-Vps15p PtdIns 3-kinase complex may affect the T-DNA 
transfer process inside yeast cells, though the specific downstream regulator are still 
unknown.  
Recently the hetero-oligomeric protein complex of Vps15p and Vps34p was 
shown to function like the GBβγ B subunit of the G protein-coupled receptor for the yeast 
mating pheromone signaling, which was able to induce the pheromone responses 
through Vps34p-mediated production of phosphatidylinositol 3-phosphate (PtdIns3P), 
a second messenger molecule (Slessareva et al., 2006).   
Instead of its fixed localization on the surface of endosomes, PtdIns3P also 
functions differently from other second messenger molecules. It recruits PtdIns3P 
binding proteins to the endosome, which serve as the effectors for downstream 
signaling.  Most PtdIns3P binding proteins have the FYVE domain, a subfamily of the 
cysteine-rich RING motif (Burd and Emr, 1998).  Vac1p is such a PtdIns3P binding 
protein which regulates the fusion between late-Golgi derived vesicles and the 
endosome/prevacuolar compartment (PVC) (Peterson et al., 1999; Tall et al., 1999).  
Vps27p is another FYVE domain-containing protein, responsible for delivering 
proteins from endosome to vacuole and for the retrograde transport from endosome to 
Golgi (Piper et al., 1995; Raymond et al., 1992).  
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PtdIns3P may also play a role in cargo selection at the vesicle budding step.  
When a cargo protein binds to the lumenal domain of a receptor protein, 
conformational changes induced during the protein-protein interaction process may 
activate the Vps15p protein kinase.  Activation of Vps15p in turn leads to the 
phosphorylation of the Vps34p kinase. Vps34p-mediated PtdIns3P production may 
further recruit effector proteins involved in the budding process.  It has been shown 
that PtdIns3P plays a role in the incorporation of adaptor proteins such as AP-2 and 
arrestin into the membrane of clathrin-coated pits, which bud from cargo-concentrated 
regions (Gaidarov et al., 1999).  Therefore PtdIns3P serves as an integral membrane 
second messenger, specifically recruiting and modifying the activity of downstream 
effector proteins required for cell growth, apoptosis, and membrane trafficking 
(Rameh and Cantley, 1999; Sato et al., 2001).   
Because both vps15 and vps34 mutant cells have increased sensitivity to 
Agrobacterium-mediated transformation, this heterodimeric PtdIns 3-kinase complex 
of Vps34p-Vps15p may play a role in deciding the fate of A. tumefaciens T-DNA 
inside a yeast cell when it is following the endocytotic pathway. 
Vesicle trafficking in a eukaryotic cell requires the docking and fusion of 
transport vesicles with specific target membranes, which is elaborately regulated by a 
family of small membrane-anchored proteins called as SNAREs (Chen and Scheller, 
2001).  When a single vesicle-localized SNARE (v-SNARE) assembles with three 
target-localized SNAREs (t-SNARE), the vesicle membrane is drawn close to the 
target membrane, resulting in the membrane fusion (Whyte and Munro, 2002).  
Earlier stages in the targeting process are regulated by some peripheral membrane 
proteins, including the Ypt/Rab GTPases and multisubunit tethering complexes which 
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may specifically direct certain vesicles to their targets and subsequently promote the 
assembly of SNARE complexes (Whyte and Munro, 2002).  
One of the multisubunit tethering complexes is the tetrameric Golgi-associated 
retrograde protein (GARP) complex containing Vps51p, Vps52p, Vps53p and Vps54p, 
which is required for the protein recycling from endosomes to the trans-Golgi network 
(TGN) (Conibear et al., 2003; Conibear and Stevens, 2000).  Similar to other 
multisubunit tethering complexes, each component of the GARP complex contains a 
conserved short potential amphipathic helix which is required for the assembly of 
SNARE complexes.  Vps51p has a short peptide sequence through which it can 
interact with the N-terminal domain of Tlg1p, an essential t-SNARE located on Golgi 
(Conibear et al., 2003).  Through its interaction with Tlg1p, the GARP complex is 
responsible for a number of endosome derived vesicles to dock and fuse with the 
Golgi membranes. 
Figure 3.13 shows the effects of Vps51-assortiated tethering complex on 
Agrobacterium-yeast gene transfer.  The deletion mutation in any component of the 
tethering complex could increase the efficiency of Agrobacterium-yeast gene transfer, 
indicating that this tetrameric protein complex could be involved in the T-DNA 
transfer process inside yeast cells.   
As a generally accepted concept, the T-DNA complex will be finally delivered 
into the host nucleus with the assistance from importin proteins (Ballas and Citovsky, 
1997).  As the only importin-α protein in S. cerevisiae, Srp1p together with its 
functional partner Kap95p, an importin-β protein, might be involved in the nuclear 
import of the T-DNA complex through the nuclear pore complexes (data not shown).  
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Before the nuclear import process, how the T-DNA complex is transferred through 
the cytoplasm of the host cell still remains elusive. 
In this study, three membrane trafficking systems were identified to be involved 
in the T-DNA transfer process inside yeast cells, including the Ypk1p-mediated 
endocytosis, Vps15p-mediated vacuolar protein sorting and Vps51p-mediated protein 
recycling to GA.  All the mutant cells of abovementioned yeast proteins are more 
sensitive to Agrobacterium-mediated transformation, indicating that these membrane 
trafficking systems may compete with the nuclear import process of the T-DNA 
complex.  Ypk1p-mediated endocytosis may divert the T-DNA complex to the 
vacuole for degradation.  The vacuolar sorting protein Vps15p may play a crucial in 
directing the T-DNA complex to the vacuole for degradation or to GA for 
modification and exocytosis.  The Vps51p-assortiated tethering complex may help to 
divert the T-DNA complex into GA instead of the nucleus, its designated target.  
Therefore blocking any of abovementioned membrane trafficking systems may help 
to increase the efficiency of Agrobacterium-yeast gene transfer.   
The membrane trafficking systems are regulating the most active cellular 
activities inside a eukaryotic cell, which are indispensable for signal transduction, 
nutrient uptake and waste disposal etc.  Although the A. tumefaciens T-DNA transfer 
machinery is designed for the nuclear import and the final integration into the host 
genome, as a foreigner inside the host cell, its moving track should be affected by 
many factors.  Therefore it is possible that some T-DNA complexes are regarded as 
























Figure 3.13 The effects of Vps51p-assortiated protein complex on Agrobacterium-
yeast gene transfer.  The mean and standard deviation of two independent 







































In addition to competing with the nuclear import of T-DNA complex, some 
membrane trafficking systems were found to be required for Agrobacterium-mediated 
transformation of tobacco BY-2 cells (Limei Chang, date not published).  When using 
some chemical inhibitors to block the plant endocytotic pathways and protein 
recycling pathways, the nuclear import of T-DNA was also delayed.  These 
observations indicate that some plant membrane trafficking systems may facilitate the 
T-DNA transfer into the perinuclear regions.  Thus the membrane trafficking systems 
could be an important host factor affecting the T-DNA transfer inside host cells.  As 
the negative regulators of T-DNA transfer inside yeast cells, Ypk1p and Vps15p are 
highly conserved in the plant kingdom.  Therefore findings from this work may also 
help to increase the efficiency of Agrobacterium-plant gene transfer.  
As the mating pheromone responsive proteins, the translational levels of Ypk1p, 
Vps15p and Vps51p were regulated differently in response to pheromone treatment 
(MacKay et al., 2004).  The expression of VPS51 and YPK1 might be increased by 7.3 
folds and 17.5 folds respectively in response to pheromone treatment, whereas the 
expression of VPS15 might be decreased by 30 folds after pheromone treatment.  This 
difference suggests that Vps15p may specifically regulate the T-DNA transfer process 
if T-DNA was involved in Ypk1p-mediated endocytosis.  According to the expression 
profiles in response to pheromone treatment, the T-DNA transfer process may not be 
diverted by the increased accumulation of Ypk1p and Vps51p, since the repression of 
VPS15 may result in the mis-sorting of T-DNA complexes that may escape from the 






Figure 3.14 A simplified illustration of the membrane trafficking systems involved in 
Agrobacterium-yeast gene transfer.  Ypk1p is involved in the receptor-mediated 
endocytosis pathway; Vps15p plays a crucial role in sorting proteins to the designated 
organelles; Vps51p functions as a component of the GARP complex required for the 
protein recycling to GA.  In addition, Srp1p/Kap95p mediate the nuclear import 
through NPC. MVB: multivesicular body; GA: Golgi apparatus; ER: endonuclear 
reticulum; GARP: Golgi-associated retrograde protein; NPC: nuclear pore complex 




In this study, it was shown that the yeast mating pheromone α-factor could 
increase the efficiency of Agrobacterium-yeast gene transfer by up to 100 folds.  This 
stimulation required the expression of yeast pheromone responsive genes.  Fus3p, the 
mitogen-activated protein kinase (MAPK) for pheromone signaling, was proven to be 
a key regulator for the pheromone-stimulated Agrobacterium-yeast gene transfer.  
This indicates that an active process involving mating genes can enhance the 
competency of yeast cells to receive T-DNA and the T-DNA movement inside 
eukaryotic cells is analogous to the mating process.  It was further shown that 
pheromone treatment was able to stimulate LiAc-mediated transformation of yeast 
cells, which was also regulated by the Fus3p-mediated pheromone signal transduction.  
These observations suggest that yeast mating pheromone can generally stimulate the 
competency of yeast cells to accommodate foreign DNA in an active manner designed 
for the mating process. 
Three pheromone responsive membrane trafficking systems were identified to 
be involved in the Agrobacterium-yeast gene transfer process, including the Ypk1p-
mediated endocytosis, the Vps15p-mediated vacuolar protein sorting and the Vps51p-
mediated protein recycling.  Further studies are required to correlate these membrane 
trafficking systems to the pheromone-stimulated Agrobacterium-yeast gene transfer.   
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Chapter 4. Detection of Agrobacterium-yeast gene 
transfer using fluorescent protein reporters 
4.1. Introduction 
4.1.1. Overview of the reporter systems for detecting T-DNA transfer inside 
eukaryotic hosts 
As a model organism, yeast can be easily manipulated for genomic and 
functional studies.  The availability of various deletion and conditional mutant 
libraries have greatly facilitated and deepened our understanding of biological 
activities in yeast at the molecular and cellular levels.  To date, using the yeast model, 
scientists have obtained valuable information about host factors important for 
Agrobacterium-eukaryote gene transfer (Bundock et al., 1995; Bundock and 
Hooykaas, 1996; Bundock et al., 1999; Piers et al., 1996; Risseeuw et al., 1996; 
Roberts et al., 2003; Sawasaki et al., 1996; Schrammeijer et al., 2003; van Attikum et 
al., 2001).   
Compared to other eukaryotic model organisms, the yeast model still has its 
potential for our further understanding of T-DNA transfer on the host side.  Although 
yeast cells can be easily modified both physically and genetically, as a model 
organism for the study of T-DNA transfer, it lacks effective reporter systems for 
monitoring the T-DNA transfer process inside yeast cells.  Currently, to obtain any 
information about the outcome of T-DNA transfer inside yeast, we have to wait at 
least two more days after cocultivation for the growing up of transformant colonies on 
the selection medium.  Consequently, we cannot obtain the transformation results for 
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those mutant cells that cannot grow up, or have difficulties in cell division and 
proliferation after the cocultivation with A. tumefaciens.  In this case, to extend and 
broaden the applications of the yeast model for studying Agrobacterium-mediated 
transformation, it is necessary for us to develop other facile methods to monitor the T-
DNA transfer process. 
At present, scientists are using different methods to monitor and examine the T-
DNA transfer process inside plant cells.  Similar to the yeast transformation system, 
selection markers for antibiotic resistance could be used to select stable transformants.  
The stable resistance to a certain antibiotics needs the integration of the relevant 
resistance gene into the plant genome delivered by A. tumefaciens, so selection 
markers can be used to determine the final fate of T-DNA transfer inside plant cells.   
In contrast to selection markers, the GUS (beta-glucuronidase) reporter system 
was adopted for detecting the transient expression of T-DNA inside plant cells 
(Villemont et al., 1997).  This technique is based on beta-glucuronidase, an enzyme 
from the bacterium HTEscherichia coliTH.  When incubated with some specific colorless or 
non-fluorescent substrates, beta-glucuronidase is able to transform its substrates into 
colorful or fluorescent products.  One commonly used substrate for GUS 
histochemical staining is 5-bromo-4-chloro-3-indolyl glucuronide (X-Gluc) which can 
be converted from colorless to a clear blue color.   
Because plant species generally don’t have their own beta-glucuronidase, the 
GUS reporter system has very low background interference in plant cells and can be 
very sensitive for quantitative evaluation.  Thus it is commonly used to analyze the 
activity of a certain promoter sequence in plant cells, which is fused to the N terminus 
of the GUS reporter gene.  Because GUS staining is also a reliable and robust 
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histochemical biotechnique in plant science, the expression of a GUS reporter gene 
can be easily detected at the single cell level. 
Because the expression of GUS reporter doesn’t need the integration of T-DNA 
into plant genome and its enzymatic activity is high enough to be detected at the trace 
level, which could be visualized after 48-h cocultivation, the GUS reporter system is 
widely used to compare the transient expression levels after the T-DNA transfer.  To 
date, using the GUS reporter system to monitor the T-DNA transfer process is a 
common practice in the plant science.   
In addition to the GUS reporter system, scientists found that GFP (green 
fluorescent protein) reporter systems are also helpful for detecting T-DNA transfer in 
plant cells.  Similarly to the GUS reporter system, strong expression of GFP proteins 
could be detected after 48-h cocultivation between apple cultivars and A. tumefaciens, 
which revealed a high T-DNA transfer rate (Maximova et al., 1998).  In addition to 
the transient expression of GFP proteins, plant cells with stably integrated T-DNA 
should be able to grow and develop in the selective medium.  In contrast to the high 
T-DNA delivery rate, the formation of transgenic shoots appeared at very low 
frequencies that were decreased about 10,000-fold compared to the frequency of 
putative transformants with transient GFP expression, indicating that the stable 
integration of T-DNA into the plant genome is the rate-limiting step in 
Agrobacterium-plant gene transfer.   
The GFP reporter system has some advantages over the GUS reporter system.  
For example, it is easier and cheaper to detect the expression of GFP reporter and the 
early stage of a transformation process can be easily examined without affecting the 
growth of plant cells.  It was shown that when using the GFP reporter together with a 
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kanamycin resistance marker, the transformation frequency could be increased about 
10 folds compared to the combination of the GUS reporter and kanamycin resistance 
marker (Yancheva et al., 2005).  Thus the GFP reporter system can be used to 
improve the selection of transformed plants by A. tumefaciens.  
In contrast to the plant systems, there is only one method to detect the 
transformed yeast cells using growth selection markers, which is restricted to the 
appearance of yeast transformant colonies.  Therefore, the application of the yeast 
model for studying Agrobacterium-mediated transformation is also restrict to certain 
studies.  For example, it is difficult to compare the difference between transient 
expression of T-DNA and the stable T-DNA integration according to the appearance 
of transfomant colonies.  Thus it is hard to tell whether a host factor identified to 
affect the transformation efficiency is participating in the early stage or late stage 
during the T-DNA transfer process.  One advantage for using the yeast model is the 
availability of various mutant libraries for both essential and non-essential yeast genes.  
Because most functional important genes are essential genes, deletion mutations in the 
essential genes are lethal to the yeast cells.  Therefore studies of essential genes are 
always under controlled growth conditions to temporarily suppress the expression of 
essential genes.  In this case, if we can only examine the outcome of T-DNA transfer 
after the appearance of visible colonies on the selection medium, we are unable to 
study the effects of functional essential genes on T-DNA transfer under the restrictive 
growth conditions.  Therefore it is necessary for us to develop reporter systems for 
detecting T-DNA transfer inside yeast cells.   
An important reporter system in the yeast science is the lacZ (β-galactosidase) 
reporter (Melcher et al., 2000).  β-galactosidase is encoded by the E. coli lacZ gene, 
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which cleaves the disaccharide lactose into glucose and galactose.  To date, scientists 
have found many substrates for different lacZ assays.  For example, X-gal (5-bromo-
4-chloro-3-indolyl-β-galactopyranoside) is commonly used as the substrate for lacZ 
staining, which can be converted from a colorless substance to a blue insoluble 
product.  The lacZ reporter can also be used for quantitative liquid assays using 
ONPG (ortho-Nitrophenyl-β-galactoside) as the substrate, which is normally colorless 
but can be changed to yellow color after hydrolysis by β-galactosidase.    
The lacZ reporter system was firstly used for detecting Agrobacterium-mediated 
transformation of yeast Blastomyces dermatitidis and Histoplasma capsulatum 
(Sullivan et al., 2002).  Although the lacZ reporter system did take effects to 
transform X-gal to the blue color product after 3 days’ cocultivation plus 5 to 7 days’ 
incubation for the accumulation of active enzymes, the lacZ reporter system was 
apparently not as effective as the GUS reporter system for detecting the T-DNA 
transfer process in plants.  In this work, I also prepared a T-DNA construct containing 
the lacZ reporter gene (pST301).  But the liquid lacZ assay using ONPG as the 
substrate failed to give any positive results after 48-h cocultivation between yeast and 
A. tumefaciens (data not shown).  Considering that we are looking for a facile reporter 
system which can tell the outcome of T-DNA transfer immediately after cocultivation, 
the lacZ reporter system cannot fulfill such a requirement.   
Another useful reporter system in the yeast science is the fluorescent protein 
reporter system.  In this work, I systematically compared the performance of various 
fluorescent protein reporters for detecting the T-DNA transfer process inside yeast 
cells.  Details about fluorescent protein reporters will be discussed in the next section.   
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4.1.2. Introduction to fluorescent proteins 
The green fluorescent protein (GFP) from the jellyfish Aequorea victoria is able 
to emit green fluorescence with the emission maximum of 510 nm and the excitation 
maximum of 395 nm.  Because its generation of fluorescence signals does not rely on 
any cofactors, it is widely used as a reporter for gene expression or as a marker for 
protein localization. The presence of GFP can be monitored using the standard 
fluorescein isothiocyanate (FITC) filter set with the laser excitation at 488 nm, but the 
resulting fluorescence signal is less intense when examined by the FITC filter set 
considering that its excitation maximum is 395 nm.  Because the FITC filter set is 
commonly used for fluorescence microscopy and fluorescence-activated cell sorting 
(FACS), many efforts were endeavored to shift the excitation maximum of GFP from 
395 nm to about 490 nm (Cormack et al., 1996).   
yEGFP is a modified version of A. victoria GFP.  Its encoding sequence is 
optimized for its expression in the yeast Candida albicans and Saccharomyces 
cerevisiae.  It has a double substitution (F64L/S65T) in the chromophore region.  
These mutations may greatly enhance its fluorescence signal, shift its excitation 
maximum from 395 nm to 490 nm and increase its solubility in the yeast cytoplasm.  
When expressed in E.coli and excited at 488 nm, the fluorescence signal generated by 
yEGFP was 75-fold stronger than that of the GFP from A. victoria.  When yEGFP 
was expressed in S. cerevisiae cells under the medium ADH1 promoter, its 
fluorescence strength was about 3,000-fold stronger than the autofluorescence from 
yeast cells, and 50-fold stronger than that from the A. victoria GFP under the same 
promoter (Cormack et al., 1997). 
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Compared to other reporter systems such as β-galactosidase and luciferase, 
yEGFP has some important advantages. Firstly, its fluorescence signal can be 
monitored at the single cell level.  Secondly, emission of fluorescence from yEGFP 
doesn’t require any cofactors, and it is generally non-toxic for yeast cells.  Therefore 
it is very useful as a bio-marker that can maintain cell viability.  Because FACS 
sorting technology is capable of separating yeast cells according to their differential 
GFP expression levels, the yEGFP reporter system should be able to help us to 
develop new methods for genetic screens in the yeast S. cerevisiae. 
yEmCitrine is an upgraded version of the yellow fluorescent proteins (YFP) 
(Sheff and Thorn, 2004).  yYFP was generated by substituting Thr203 in yEGFP with 
the aromatic amino acid Tyrosine.  This mutation may result in a p-p stacking 
structure and the increase of local polarizability immediately adjacent to the 
chromophore, which is responsible for the 20-nm shift to longer excitation and 
emission wavelengths.  Thus the fluorescence signal emitted form yYFP exhibits 
yellow color under an epifluorescence microscope.  yYFP is very useful for analyses 
by fluorescence resonance energy transfer (FRET) when using the cyan fluorescent 
protein as its interacting partner. These two fluorescent proteins are spectroscopically 
separated well enough for distinguishing by either excitation or emission spectra.  
Their emission wavelengths are overlapped to some extent, which make them good 
partners for FRET analyses.   
Because changes in the chromophore of yYFP also make its fluorescence more 
vulnerable to photobleaching, decolorization by protonation, and quenching by many 
anions such as ClP-P.  yYFP was further optimized by a series of amino acid 
substitutions (S65G/V68L/Q69M/S72A/T203Y).  Such a mutant of yYFP was named 
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as yCitrine, which has increased folding efficiency at high temperature, increased 
resistance to pH and Cl P-P, and increased photostability.  The substitution of Q69M 
effectively increased its acid resistance, which has a pKa as lower as 5.7.   Thus 
yCitrine is more detectable in the induction medium for A. tumefaciens cells, which 
has an acidic pH value of 5.5 (Griesbeck et al., 2001). 
yCitrine was further optimized by introducing the A206R mutation to generate 
its monomeric version that was named as yEmCitrine.  Most GFP variants can 
dimerize with a dissociation constant of about 100 µM, which can potentially 
decrease the fluorescence strength.  In contrast, yEmCitrine has a dissociation 
constant of about 100 nM, so its dimerization is nearly undetectable (Sheff and Thorn, 
2004). 
Other than GFP and its variants, red fluorescence protein (RFP) represents 
another important category of fluorescence proteins.  One of those RFPs is DsRed 
which was cloned from the Discosoma coral.  The absorption spectrum of DsRed 
contains several shoulders and peaks other than its main peak at 558 nm.  Its main 
emission spectrum peak is located at 583 nm.  Thus it is also called as drFP583 
(Mizuno et al., 2001).  DsRed2 is a commercial product from ClonTech that has six 
point mutations, which effectively increase its solubility.  DsRed2 is well-known for 
its high signal-to-noise ratio and distinct spectral properties for applications in 
multicolor labeling assays.  In this work, I chose yEGFP, yEmCitrine and DsRed2 as 
the candidates of reporter systems for detecting Agrobacterium-yeast gene transfer. 
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4.2. Materials and Methods 
4.2.1 Preparation of the T-DNA constructs with fluorescent protein reporters 
All the fluorescent protein expressing vectors were constructed based upon 
pACT2, a commercially available yeast vector (Clontech) containing a 2µ replication 
origin and the ADH1 promoter.  The red fluorescent protein (DsRed2) encoded in 
pRFP207 is a commercial product from Clontech; the green fluorescent protein 
(yEGFP) encoded in pGFP209 and the citrine fluorescent protein (yEmCitrine) 
encoded in pCFP211 are the commercial product from EUROSCARF.  The 
expression of abovementioned fluorescent proteins is driven by the ADH1 promoter, a 
yeast medium strength promoter.  Primers used for cloning the coding sequences of 
abovementioned fluorescent proteins into the yeast expression vector are listed in 
Table 2.6.  The plasmid maps are shown in Figure 4.1. 
The T-DNA constructs for Agrobacterium-yeast gene transfer were prepared by 
ligating the linearized fluorescent protein expressing vectors into the T-DNA regions 
located between the T-borders of the binary vector pCB301 or pBIN19.  Primers 
related to the T-DNA construct preparation are listed in Table 2.6.  Plasmid maps of 







Figure 4.1 Yeast expression vectors encoding the fluorescent proteins used in this 
study.  A. The yeast expression vectors used in this study.  pRFP207 contains the 
coding sequence for DsRed2 (RFP); pGFP209 contains the coding sequence for 
yEGFP (GFP); pCFP211 contains the coding sequence for yEmCitrine (CFP).  All the 
coding sequences for the fluorescent proteins used in this study are under the ADH1 
promoter.  B. The examples of yeast cells expressing RFP, GFP and CFP respectively.  



















Figure 4.2  The T-DNA constructs encoding fluorescent protein reporters.  pST302 
and pST302-1 contain the GFP reporter.  pST303, pST304, pST305 and pST306 
contain the CFP reporter.  Besides pST302 which contains the binary vector pBIN19, 
other T-DNA constructs used in this study were prepared based on the binary vector 
pCB301.  pST302, pST302-1 and pST303 contain the LEU2 selection marker and the 
2µ replication origin which allows the presence of about 30 copies of the plasmid 
DNA in a single yeast cell.  pST304, pST305 and pST306 contain the URA3 and 
spHIS5 selection markers and the ARSH4 replication origin which allows the presence 
of 1 or 2 copies of the plasmid DNA in a single yeast cell.  pST304 and pST305 have 
the same T-DNA fragment but ligated between the T-borders in an inverted direction.  
pST306 contains two synthetic yeast telomere (TEL) sequences from the T-DNA 
construct pKP506 (Piers et al., 1996), which are flanking the T-DNA fragment in an 
opposite direction. 
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4.2.2 Detection of fluorescent protein-labeled yeast cells 
Fluorescent protein-labeled yeast cells can be detected by an epifluorescence 
microscope (BX51 research microscope, Olympus) or a flow cytometer (Dako 
Cytomation Cyan LX, Dako).  The sample preparation and parameter settings were 
following the operation manuals from the manufacturers. 
4.2.3 Detection of Agrobacterium-yeast gene transfer by FACS 
After cocultivated with A. tumefaciens containing abovementioned T-DNA 
constructs, yeast cells were scraped off from the CM agar medium, and were 
separated from A. tumefaciens cells by gradient centrifugation.  The centrifugal 
separation was performed at 1000 rpm for 5 min in the sucrose gradients containing 
10% and 20% of sucrose solutions, 400 µl each.  The pellet of yeast cells was 
transferred into the PBS solution and washed twice with 600 µl of PBS at 1000 rpm 
for 3 min.  About 1,000,000 yeast cells in 1 ml of PBS were subjected to the FACS 
analysis. 
4.3. Results and discussion 
4.3.1. Comparison of fluorescent protein reporters for FACS analyses 
For the model yeast S. cerevisiae, scientists have developed many GFP variants 
to visualize protein subcellular localization and protein-protein interactions in vivo.  
Among all these fluorescent proteins, yEGFP, yEmCitrine and DsRed2 were shown to 
have better overall performance in their absolute fluorescence strength and relative 
detectability via assays by plate readers and fluorescence microscopy (Sheff and 
Thorn, 2004).  
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In this study, I prepared three yeast expression vectors encoding yEGFP (GFP), 
yEmCitrine (CFP) and DsRed2 (RFP) respectively (Figure 4.1A).  All the coding 
sequences for abovementioned fluorescent proteins are under the ADH1 promoter, 
which is a constitutive yeast promoter with fairly strong expression strength.   
As shown in Figure 4.1B, all the three expression vectors can generate strong 
fluorescence signals in the yeast S. cerevisiae.  When examined by an epifluorescence 
microscope, yeast cells appeared like bright fluorescence lamps in a dark room.  
Therefore it is feasible to detect the expression of T-DNA inside yeast cells when 
using these fluorescent proteins as the reporters.   
In the plant system, GFP has already been used as a reporter for detecting the T-
DNA transfer process inside plant cells (Eckert et al., 2005; Yancheva et al., 2005).  
Scientist can directly obtain the transformation efficiency by examining the GFP 
expression via an epifluorescence microscope.  Because the efficiency of 
Agrobacterium-yeast gene transfer is generally in a range from 10P-3 P to 10 P-5 P, it is not 
realistic to calculate the transformation efficiency simply using an epifluorescence 
microscope.   
Alternatively fluorescence-activated cell sorting (FACS) could be a better 
choice for detecting the existence of fluorescence signals from the T-DNA-expressing 
fluorescent proteins, since FACS is able to screen thousands of cells per second and 
quantify different cell populations according to the differential fluorescence signals.  
Because little work has been done to show the detectability of different fluorescent 
proteins by FACS, I further compared the performance of abovementioned 
fluorescent proteins for FACS analyses. 
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Figure 4.3 shows the FACS analyses of different yeast populations labeled by 
RFP, GFP and CFP respectively.  The fluorescence absorption peaks of the 
fluorescence-negative yeast populations containing the vector DNA (pACT2) alone 
were overlayed with the respective fluorescence-positive peaks.  Both GFP- and CFP-
labeled yeast cells had well-separated positive peaks compared to non-fluorescent 
yeast cells.  But the fluorescence from CFP-labeled yeast cells appeared to be a little 
stronger than that from the GFP-labeled yeast cells.  This finding is consistent with 
previous observations from the fluorescence microplate reader and fluorescence 
microscopy.   
Compared to those fluorescent proteins emitting green, yellow green and blue 
lights, red fluorescent proteins have distinct spectral properties for use in multicolor 
labeling experiments, since yeast cells have very low autofluorescence at the long 
wavelengths.  Previous observations have shown that the red fluorescence protein 
(RFP) exhibited the highest signal-to-noise ratio when examined by the plate reader or 
epifluorescence microscopy.   
In this work, I also evaluated the performance of RFP analyzed by FACS.  
Figure 4.3 shows that when analyzed by FACS, the red fluorescence positive peak 
cannot be separated from the negative peak.  Thus this RFP-expressing construct 
cannot generate the fluorescence signals strong enough for detecting Agrobacterium-






Figure 4.3 Detection of fluorescent protein-labeled yeast cells by FACS.  A. The red-
shaded region refers to the RFP-positive yeast population, which is overlapped with 
the RFP-negative yeast population shown as the black-shaded region; B. The green-
shaded region refers to the GFP-positive yeast population, which is overlapped with 
the GFP-negative yeast population shown as the black-shaded region; C. The green-
shaded region refers to the CFP-positive yeast population, which is overlapped with 
the CFP-negative yeast population shown as the black-shaded region; D. The CFP-
positive yeast population shown as the green-shaded region is overlapped with the 
GFP-positive yeast population shown as the black-shaded region;  E. Detection of 
GFP-labeled yeast cells grown overnight on CM analyzed by FACS;  F. Detection of 
CFP-labeled yeast cells grown overnight on CM analyzed by FACS.  FL4 refers to the 
filter set for the excitation and detection of RFP-labeled yeast cells.  FL1 or FITC 
refers to the filter set for the excitation and detection of GFP- or CFP-labeled yeast 




Because the cocultivation medium (CM) for Agrobacterium-yeast gene transfer 
is an acidic (pH 5.5) and poor medium for the growth of yeast cells, which may also 
affect the maturation and fluorescence strength of fluorescent proteins.  In this case, I 
further compared the detectabilities of GFP and CFP in yeast cells after incubated in 
CM for 20 hours.  As shown in Figure 4.3, both of the two fluorescence-positive 
populations were containing non-fluorescent yeast cells, which should be due to the 
quenching effects from the cocultivation medium.  Compared to the CFP-positive 
population, more putative GFP-labeled yeast cells appeared to be non-fluorescent, 
suggesting that CFP is more stable inside yeast cells when grown in CM.   
GFP variants normally dimerize with a dissociation constant of ~100 µM, which 
can weaken the fluorescence strength.  yEmCitrine (CFP) is the monomeric version of 
yECitrine, which has a dissociation constant about 1000-fold higher than that of 
yECitrine (Sheff and Thorn, 2004).  Through the tests by the plate reader and 
microscopy, yECitrine was also shown to have a little higher signal-to-background 
ratio (SBR) than that of yEGFP (GFP).  Compared to other fluorescent proteins, 
yECitrine was optimized to possess increased folding efficiency at high temperature, 
increased resistance to pH and Cl P-P, and increased photostability (Griesbeck et al., 
2001).  Its pKa is around 5.7, so it is able to perform better in the acidic cocultivation 
medium.  Based upon its overall performance, I finally chose yEmCitrine (CFP) as 
the reporter for detecting Agrobacterium-yeast gene transfer. 
To evaluate the reliability of the CFP reporter for Agrobacterium-yeast gene 
transfer, I further compared the serially diluted CFP-positive yeast cells detected by 
FACS.  As shown in Figure 4.4, we could clearly identify 31 CFP-labeled yeast cells 
by the FACS analysis.  But when there were more than 200 putative CFP-labeled 
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yeast cells, it was difficult to present the exact number of CFP-labeled yeast cells.  
Considering that yeast cells may differ in the expression levels of CFP, there could be 
some yeast cells with very low fluorescence signals.  Therefore more yeast cells 
expressing CFP should also contain more false-negative cells that have very weak 
fluorescence, and the chance of the overlapping between these two yeast populations 
is consequently increased when more fluorescent yeast cells are included.  In this case, 
we may arbitrarily set the population of CFP-labeled yeast cells by comparing to the 
negative control.  Thus negative controls are indispensable for every FACS analysis, 
which provide the standards for differentiating fluorescence-positive yeast cells.   
As shown in Figure 4.4, there were 2676 fluorescent yeast cells in the original 
sample, 285 fluorescent yeast cells in the 10-fold diluted sample and 31 fluorescent 
yeast cells in the 100-fold diluted sample.  These results are comparable with the 
designated dilution folds.  Therefore, the CFP reporter is able to reflect the fluctuating 













Figure 4.4  Detection of CFP-labeled yeast cells by FACS.  A. Detection of CFP-
negative yeast cells by FACS.  The R1 region refers to the CFP-positive region.  B–D. 
Detection of CFP-labeled yeast cells in the serially diluted samples.  
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4.3.2. Comparison of T-DNA constructs by the plating assay 
Previous observations have shown that the efficiency of Agrobacterium-yeast 
gene transfer is relied on the composition of T-DNA constructs.  The yeast episomal 
plasmids (YEP) are commonly used as the backbone of T-DNA constructs for the 
transformation of yeast cells.  The basic composition of this kind of T-DNA 
constructs includes a 2µ replication origin sequence for the replication of T-DNA 
inside yeast cells, a nutritional selection marker, for example the URA3 gene which 
can complement the nutritional deficiency of a ura3 mutant yeast cell, and a binary 
vector which is indispensable for the Agrobacterium-mediated transformation.  For 
this kind of T-DNA constructs, the transformation efficiency is in a range from 10P-5 Pto 
10P-7 Pfor WT yeast cells (Bundock et al., 1995).   
Another kind of T-DNA constructs for the transformation of yeast cells is based 
on the yeast artificial chromosome (YAC) containing a yeast autonomous replication 
origin (ARS) and two yeast telomeric sequences, which has the highest transformation 
efficiency in a range from 10P-3 Pto 10 P-6 Pfor WT yeast cells (Piers et al., 1996; Roberts et 
al., 2003).  Under certain conditions such as depletion of adenine from the 
cocultivation medium, the transformation efficiency of an ade mutant strain by 
pKP506, a YAC-type T-DNA construct, could be as high as 10 P-2 P (Roberts et al., 2003).  
Because the accuracy and reliability of a FACS analysis is also relied on the total 
number of yeast cells to be analyzed, which means more yeast cells to be analyzed 
may render stronger background fluorescence and complicate the pattern of the output 
results.  Previous results indicate that a total number of 10P5 P yeast cells may generate 
more acceptable background fluorescence compared to a total number of 10P6 P yeast 
cells (data not shown).  Thus it is necessary to find out suitable T-DNA constructs 
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which are able to provide strong fluorescence signals and the transformation 
efficiency high enough for FACS analyses.  In this work, I generated a series of T-
DNA constructs with fluorescent protein reporters and further examined the 
transformation efficiency and performance for FACS analyses. 
Table 4.1 lists the T-DNA constructs used in this study.  The construction maps 
of these T-DNA constructs are shown in Figure 4.2.  Both pST302 and pST302-1 are 
yeast episomal plasmids.  They have the same backbone structure based on pACT2, a 
commercially available expression vector for yeast two-hybrid systems (Clontech).  
The major difference between these two T-DNA constructs is that they have different 
binary vectors, pBIN19 and pCB301 respectively.  pBIN19 is a 12kb binary vector 
which can replicate inside both E.coli and A. tumefaciens.  It has two T-borders, left 
border (LB) and right border (RB), which are placed in the inverted position and are 
indispensable for the generation of A. tumefaciens T-DNA.  pCB301 is a compact 
version of pBIN19.  The size of pCB301 is only 3.5 kb, which has a very low copy 
number in both E.coli and A. tumefaciens cells.  The fact that pST302-1 had the 
transformation efficiency about 3-fold higher than that of pST302 indicates that the 














features in yeast 
Binary 
vector Marker & reporter Source 
pST302 2µ pBIN19 LEU2; GFP This study 
pST302-1 2µ pCB301 LEU2; GFP This study 
pST303 2µ pCB301 LEU2; CFP This study 
pST304 ARS; CEN pCB301 URA3; spHIS5; CFP This study 
pST305 ARS; CEN pCB301 URA3; spHIS5; CFP This study 
pST306 ARS; CEN; TEL pCB301 URA3; spHIS5; CFP This study 
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There are two possibilities for this observation.  Firstly, A. tumefaciens cells 
could be more efficient in generating pCB301-based T-DNA fragments.  Secondly, 
the vector backbone sequences outside T-borders may affect the stability of T-DNA 
inside yeast cells.  Previous observations have shown that not only the DNA fragment 
between T-borders but also part or the whole vector backbone may enter into the host 
cell (Bundock et al., 1995).  As a foreign DNA from bacteria into yeast cells, the 
composition of vector backbone sequences may affect the stability and the transfer of 
T-DNA inside host cells.   
pST303 also has the binary vector of pCB301. Instead of the GFP reporter, it is 
using CFP as the fluorescence reporter.  The transformation efficiency of pST303 was 
similar to pST302-1, suggesting that the expression of different fluorescent proteins 
has few effects on the T-DNA transfer inside yeast cells. 
Because the YAC type of T-DNA was reported to have the highest 
transformation efficiency, I generated pST306 which contains a yeast centromere 
sequence (CEN6), an autonomous replication sequence (ARSH4) and two synthetic 
yeast telomere (TEL) sequences in an inverted direction (Piers et al., 1996).  Because 
the two telomere sequences have special roles in protecting linear DNA fragments 
from degradation, I also prepared pST304 and pST305, two yeast centromere 
plasmids (YCP) without the telomere sequences.  The only difference between 
pST304 and pST305 is that the T-DNA fragment is ligated into the T-borders in an 
inverted direction. 
After transferred into the yeast nucleus, T-DNA molecules may recircularize to 
form yeast plasmids or integrate into the yeast genome and stably reside inside yeast 
cells (Bundock et al., 1995; Bundock and Hooykaas, 1996).  Under the inducing 
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conditions, A. tumefaciens cells generally recognize and generate T-DNA from the 
lower strand of the right border (RB).  Thus the T-DNA generated from pST304 and 
pST305 are two complimentary single-stranded DNA molecules.  Because we cannot 
observe significant difference between pST304 and pST305, the sequence difference 
of these two T-DNA constructs are proven to have few effects on their transformation 
capabilities, indicating that the T-DNA transfer inside yeast cells is not affected by the 
orientation of T-DNA molecules.   
Consistent with previous publications, pST306, the YAC-type T-DNA construct 
had the highest transformation efficiency which was more than 10P-4 P(Figure 4.5A).  As 
mentioned before, the only difference between pST306 and pST305 are the two yeast 
telomere sequences flanking the T-borders.  It was reported that T-DNA molecules 
with the YAC backbone mainly existed inside yeast cells as mini-chromosomes, so 
that they don’t have to transform to circular plasmids by recircularization or integrate 
into the host genome for stable existence and replication (Piers et al., 1996).  The 
unique features and high transformation capability of YAC-type T-DNA constructs 
indicate that the recircularization or integration step is a rate-limiting stage for 




























Figure 4.5  Comparison of T-DNA constructs by the plating assay.  A. The efficiency 
of Agrobacterium-yeast gene transfer mediated by the T-DNA constructs used in this 
study.  B. The efficiency of Agrobacterium-yeast gene transfer mediated by the T-
DNA constructs used in this study with the addition of α-factor. The mean and 
standard deviation of two independent experiments are depicted (in duplicate for each 
experiment).   
















































































Because different types of T-DNA constructs may have different transformation 
efficiency, yeast cells should have complex mechanisms regulating different foreign 
T-DNA molecules.  Previously I have shown that α-factor can positively regulate the 
transfer process of foreign DNA molecules inside yeast cells, including T-DNA and 
plasmid DNA.  So I further evaluated whether the pheromone treatment can 
universally stimulate the transformation process by different types of T-DNA 
constructs. 
Figure 4.5B shows that the α-factor treatment could increase the transformation 
efficiency of all the T-DNA constructs, though the increase scale could be varied for 
different T-DNA constructs.  As shown in Figure 4.5A, the transformation capability 
of a T-DNA construct is largely dependent on its own properties.  The length and 
composition of a T-DNA molecule may significantly affect its stability, nuclear 
import and replication inside yeast cells.  Therefore the differential effects of α-factor 
treatment on T-DNA delivery into yeast cells indicate that the mating pheromone 
treatment may only help to stimulate the T-DNA transfer process, and the outcome of 
T-DNA transfer is still decided by the properties of T-DNA constructs.  
To use the CFP reporter for detecting Agrobacterium-yeast gene transfer, two T-
DNA constructs pST303 and pST306 were chosen for further analyses by FACS.  
Although the transformation efficiency mediated by pST303 was not the highest, the 
fluorescence signal from pST303-transformed yeast cells was the strongest (data not 
shown).  As a YEP plasmid, the copy number of pST303 in a single yeast cell is more 
than 30 copies, whereas the centromere-based plasmids such as pST304, pST305 and 
pST306 have only 1 or 2 copies in a single yeast cell.  Therefore pST303-transformed 
yeast cells were able to generate stronger fluorescence signal, and the transformation 
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efficiency mediated by pST303 was around 10P-5 P that could be detected by FACS.  So I 
further evaluated the detectabilities of pST303- and pST306-mediated transformation 
of yeast cells for FACS analyses. 
4.3.3. Comparison between the plating assay and FACS for detecting 
Agrobacterium-yeast gene transfer 
In this study, we designed to develop reporter systems for detecting 
Agrobacterium-yeast gene transfer.  Through systematic comparisons of various 
fluorescent proteins, I finally chose CFP as the reporter for detecting the T-DNA 
transfer into yeast cells.  Considering that different T-DNA constructs may have 
different effects on Agrobacterium-mediated transformation, I prepared a series of T-
DNA constructs encoding different fluorescent proteins for FACS analyses.  Among 
these T-DNA constructs, pST303 performed better in both transformation efficiency 
and fluorescence strength.  pST306 had the highest transformation efficiency but 
relatively weak fluorescence signal.  Therefore these two T-DNA constructs were 
chosen for further FACS analyses.  
Two concerns for using the fluorescent protein reporter should be addressed.  
Firstly, the transformation efficiency should be high enough so that transformants 
with fluorescent signals can be detected within a limited number of yeast cells.  
Currently FACS can be used for cell sorting and analysis.  Cell sorting is a high speed 
screen method that allows thousands cells to be analyzed in a second and picks out 
fluorescence-positive cells for further studies.  Cell sorting is a more sophisticated 
technique and its application has more stringent requirements.  In contrast, FACS 
analysis is a facile way to analyze hundreds of cells in a second and it is suitable for 
daily work.  So FACS analysis is a better choice for detecting the efficiency of 
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Agrobacterium-yeast gene transfer.  Because more yeast cells may generate more 
background noise that makes it difficult to quantify fluorescence-positive yeast cells, 
and more yeast cells also make the analysis procedure more time-consuming, in this 
study, I restricted the number of yeast cells for a FACS analysis to 10P5 P cells.  
Considering that the transformation efficiency for WT yeast cells by pST303 was 
around 10P-5 P, the yeast mating pheromone α-factor was used to enhance the 
transformation efficiency. 
As shown in Table 4.2, the transformation efficiency for pST303 without 
pheromone treatment was 1.16 x 10 P-5 P when examined by the plating assay.  
Consistently a transformation efficiency of 2.00 x 10 P-5 Pwas observed by the FACS 
analysis.  Resulting from pheromone treatment, a transformation efficiency of 4.20 x 
10 P-4 Pwas obtained from the plating assay.  And the transformation efficiency detected 
by the FACS analysis was 2.93 x 10P-4 P. Therefore the transformation efficiency of 
pST303-mediated transformation of yeast cells is comparable when detected by the 









Table 4.2  Comparison between the plating assay and FACS for detecting 
Agrobacterium-yeast gene transfer.  
 
The plating assay FACS Pheromone 
treatment T-DNA Average SD Average SD 
pST303 1.16 x 10P-5 P 1.93 x 10P-6 P 2.00 x 10P-5 P 1.41 x 10 P-5 P 
_ 
pST306 3.37 x 10P-4 P 1.02 x 10P-5 P 3.71 x 10P-5 P 1.83 x 10 P-5 P 
pST303 4.20 x 10P-4 P 1.89 x 10P-5 P 2.93 x 10P-4 P 4.93 x 10 P-6 P 
+ 
pST306 2.94 x 10P-3 P 1.07 x 10P-4 P 2.00 x 10P-4 P 4.29 x 10 P-5 P 
 
 
The average and standard deviation (SD) of two independent experiments are shown. 
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In contrast to pST303, the transformation efficiency of pST306 detected by the 
FACS analysis was much lower than that detected by the plating assay.  Without 
pheromone treatment, the transformation efficiency detected by the plating assay was 
3.37 x 10P-4 P, whereas the transformation efficiency detected by the FACS analysis was 
only 3.71 x 10 P-5 P.  With pheromone treatment, the transformation efficiency detected 
by the plating assay was 2.94 x 10P-3 P, but the transformation efficiency detected by the 
FACS analysis was only 2.00 x 10P-4 P.  As a YAC plasmid, pST306 has only 1 or 2 
copies in a single yeast cell.  In contrast, the copy number of pST303 in a single yeast 
cell is more than 30 copies.  Consequently the fluorescence signal from a pST306-
transformed yeast cell was much weaker than that from a pST303-transformed yeast 
cell (data not shown).  Therefore fewer fluorescence positive yeast cells could be 
detected by FACS when using the A. tumefaciens cells containing pST306 to 
transform yeast cells. 
These observations indicate that using the fluorescent protein reporter, we are 
able to obtain the efficiency of Agrobacterium-yeast gene transfer through the FACS 
analysis.  When using the GFP reporter for Agrobacterium-plant gene transfer, the 
number of putative transformants with GFP fluorescence was much higher than the 
number of stable transformants with antibiotic resistance, which indicates that the 
stable integration of T-DNA into the plant genome is the rate-limiting step 
(Maximova et al., 1998).  On the contrary, in the yeast model, FACS analyses were 
not able to show more putative transformants with the fluorescence signal.  Because 
T-DNA can stably exist inside yeast cells without integrating into the yeast genome, 
T-DNA transfer in the yeast model could be lack of this rate-limiting step. 
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Another concern for using the fluorescent protein as the reporter for detecting 
Agrobacterium-yeast gene transfer is that the fluorescence signal from a transformed 
yeast cell could be very low and consequently make it difficult to be detected by 
FACS.  As shown in Figure 4.6, more yeast cells appeared in the overlapping regions 
between the fluorescence-positive and the fluorescence-negative yeast populations 
after transformed by A. tumefaciens cells.  These observations indicate that some 
yeast cells were transformed by A. tumefaciens, but the fluorescent proteins expressed 
from the A. tumefaciens T-DNA had very weak fluorescence that was not 
distinguishable from the autofluorescence of yeast cells.  Therefore the FACS analysis 
is not a very objective method for quantifying the efficiency of Agrobacterium-yeast 
gene transfer, which is relied on the preset negative controls.  
It was further shown that the efficiency detected by FACS was comparable to 
the efficiency detected by the plating assay for the transformation of yeast bar1 
mutant cells with the addition of α-factor.  When cocultivated with A. tumefaciens, 
yeast bar1 cells treated by α-factor should be arrested in the G1-phase.  The increased 
transformation efficiency detected by FACS indicates that the pheromone-promoted 
T-DNA delivery inside yeast cells can be accomplished in the G1-phase.  This 
observation is consistent with previous results as shown in Figure 3.7.  In that 
experiment, the deletion in FAR1 had little impact on the pheromone-stimulated 
Agrobacterium-mediated transformation of far1/bar1 cells, which could escape from 
the pheromone-induced G1-phase arrest.  Therefore the CFP reporter system assisted 
by FACS is able to detect the T-DNA transfer in the yeast cells under controlled 












Figure 4.6  Detection of Agrobacterium-yeast gene transfer by FACS.  The left panel 
shows the Agrobacterium-yeast gene transfer without the addition of α-factor.  The 
right panel shows the Agrobacterium-yeast gene transfer with the addition of α-factor.  
The negative refers to the cocultivation with A. tumefaciens virD2 mutant cells 
containing pST303, which were deficient in the T-DNA delivery.  pST303 or pST306 
refers to the cocultivation with A. tumefaciens cells containing the T-DNA construct 
pST303 or pST306 respectively, which was responsible for the T-DNA delivery.  The 
R1 region refers to the CFP-positive region.  The numbers in the brackets refer to the 





As mentioned before, the most intriguing advantage of the fluorescent protein 
reporter system for detecting Agrobacterium-yeast gene transfer is that the fluorescent 
protein reporter system assisted by the FACS technology may enable us to carry out 
large-scale screens.  Results from this work have clearly shown that FACS analyses 
can reflect the fluctuating numbers of CFP-labeled yeast cells transformed by A. 
tumefaciens. Although the differentiation between fluorescence-positive yeast cells 
and fluorescence-negative yeast cells are not very objective, the CFP reporter system 
with the assistance of FACS is capable of performing large-scale screening for host 
factors affecting Agrobacterium-yeast gene transfer by sorting out promising mutant 
strains from the vast yeast collections. 
4.4. Conclusions 
In this study, the detectabilities of three fluorescent protein reporters under the 
conditions for Agrobacterium-yeast gene transfer were compared by FACS, including 
DsRed2 (RFP), yEGFP (GFP) and yEmCitrine (CFP).  CFP was shown to be more 
stable and fluorescent when analyzed by FACS.  The efficiency of Agrobacterium-
yeast gene transfer mediated by different T-DNA constructs encoding different 
fluorescent proteins was examined.  The T-DNA construct pST303 encoding the CFP 
reporter was shown to be able to transform yeast cells and could generate stronger 
fluorescence signals in the transformed yeast cells.  When using the A. tumefaciens 
cells containing pST303 to transform yeast cells, the transformation efficiency 
detected by FACS was comparable to the efficiency detected by the traditional plating 
assay.  This indicates that the CFP reporter system in pST303 is able to quantify the 
efficiency of Agrobacterium-yeast gene transfer when detected by FACS. 
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Chapter 5. Membrane trafficking systems are involved 
in the T-DNA transfer inside host cells 
5.1. Introduction 
A. tumefaciens is a natural genetic engineer that transfers a specific DNA 
segment (T-DNA) located on its tumor-inducing (Ti) plasmid into plant cells, where 
the T-DNA integrates into the plant genome and modifies host gene expression 
profiles for its own needs.  The Agrobacterium-mediated transformation system has 
been widely used as a workhorse to introduce various genes into different plant 
species.  Moreover, this genetic transformation system has been proven to be 
applicable to other host organisms such as yeast, fungal and human cells (Lacroix et 
al., 2006).   
A. tumefaciens–mediated transformation is a very complicated process.  For 
example, a successful Agrobacterium-plant gene transfer process includes the 
induction of bacterial virulence genes, binding of A. tumefaciens cells to plant 
wounded sites, generation and formation of the T-DNA complex, the translocation of 
T-DNA complex through the A. tumefaciens T4SS channel, movement of the T-DNA 
complex inside the plant cytoplasm, and finally the targeting and integration of T-
DNA into the plant genome. To date, most cellular mechanisms involved in 
abovementioned essential transformation steps have been extensively studied besides 
the movement of T-DNA complex inside the host cytoplasm.     
Because VirD2 and VirE2, two A. tumefaciens virulence proteins with nuclear 
localization sequences (NLSs), are indispensable for the T-DNA transfer inside host 
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cells, they are preferentially used as the baits for identifying host factors involved in 
Agrobacterium-mediated transformation.  VirD2 is covalently linked to the 5’ end of 
T-DNA, which is believed to play a dominant role in directing the movement of T-
DNA complex inside the host cell.  VirE2 is a single-stranded DNA binding protein 
which protects T-DNA from enzymatic degradation in the host cytoplasm and helps 
the T-DNA complex to enter the nucleus of the host cell.  Previous efforts have led to 
the identification of some plant proteins that can interact with VirD2 and/or VirE2, 
including AtKAPα, a member of Arabidopsis karyopherin α family (Ballas and 
Citovsky, 1997), three Arabidopsis cyclophilin proteins, RocA, Roc4 and CypA 
(Deng et al., 1998), VIP1 (Tzfira et al., 2001), and a type 2C serine/threonine protein 
phosphatase (Tao et al., 2004).  However, all these identified plant proteins are related 
to maintaining the T-DNA complex conformation, directing the nuclear import of the 
T-DNA complex, and mediating the integration of T-DNA into the plant genome 
rather than facilitating the movement of T-DNA complex inside the plant cytoplasm. 
The budding yeast Saccharomyces cerevisiae is the first identified non-plant 
host for Agrobacterium-mediated transformation (Bundock et al., 1995).  Because 
most bacterial genes required for Agrobacterium-plant gene transfer are also involved 
in the transformation of yeast cells, S. cerevisiae appears to be an intriguing model 
organism for studying host factors involved in the T-DNA transfer inside eukaryotic 
hosts.  As the simplest eukaryotic organism, the yeast S. cerevisiae has many 
advantages over other model organisms, i.e., rapid growth rate, ease of genetic 
modification and the comprehensive collections of mutant libraries.  Therefore 
research on the yeast model should be able to expedite the laborious exploration for 
host factors affecting Agrobacterium-mediated transformation. 
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To date, encouraging progress in understanding host factors affecting 
Agrobacterium-mediated transformation has been achieved using the yeast model.  
For example, it was firstly shown in the S. cerevisiae cells that non-homologous end-
joining (NHEJ) proteins such as Yku70p, Rad50p, Mre11p, Xrs2p, Lig4p and Sir4p 
were required for the integration of T-DNA into the yeast genome.  Furthermore,  
Rad52p and Ku70p, two key enzymes for chromosome DNA maintenance were 
proven to play a dominant role in deciding how T-DNA is integrated into the yeast 
genome (van Attikum et al., 2001; van Attikum et al., 2003).  It was shown that the 
illegitimate recombination pathway was blocked in the ku70 mutant cells and the 
homologous recombination pathway was blocked in the rad52 mutant cells, which 
may help us to direct the integration pathway of T-DNA inside the host cells.   
These findings were further proven to be applicable in the plant model.  
Recently it was demonstrated that AtKU80, an A. thaliana homologue of the yeast 
Yku80p as an interacting partner of Yku70p in a heterodimer protein complex, could 
directly interact with a double-stranded intermediate of T-DNA in the plant cell (Li et 
al., 2005b).  The ku80 mutants of A. thaliana were defective in the T-DNA integration 
in plant somatic cells, whereas KU80-overexpressing plants showed increased 
susceptibility to Agrobacterium-mediated transformation. 
The de novo purine biosysthesis pathway was also firstly identified in the yeast 
model as a host cellular mechanism negatively regulating T-DNA transfer inside the 
eukaryotic host (Roberts et al., 2003).  Yeast cells with deletions in any enzymes on 
the first seven steps of the yeast de novo purine biosysthesis pathway could result in 
the supersensitivity to Agrobacterium-mediated transformation in the adenine 
deficient medium.  Consistent with observations in the yeast model, several plant 
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species such as A. conyzoides, N. tabacum, and A. thaliana were also exhibiting 
significantly increased transformation efficiency when treated with mizoribine, a 
purine synthesis inhibitor, azaserine and acivicin, two inhibitors for purine and 
pyrimidine biosynthesis in plants.  Therefore the biotechnology of Agrobacterium-
mediated transformation should be able to benefit from findings in the yeast model. 
Previous studies from this work have shown that α-factor, the yeast mating 
pheromone, was able to promote the Agrobacterium-yeast gene transfer process.  
Proteomic and bioinformatic studies have shown that the expression of 141 yeast 
genes with known cellular functions were significantly up-regulated, and 73 yeast 
genes with known cellular functions were significantly down-regulated in response to 
pheromone treatment (Figure 3.9).  Among these yeast pheromone responsive genes, 
YPK1, VPS15 and VPS51 were shown to be involved in the T-DNA transfer process 
(Figure 3.10).  These findings further led to the identification of three yeast membrane 
trafficking systems which negatively regulated the T-DNA transfer process inside 
yeast cells (Figure 3.14).   
Previous studies in our lab also suggested that some membrane trafficking 
systems were important for the T-DNA transfer inside tobacco BY-2 cells (Limei 
Chang, unpublished).  Thus results from different model organisms together support a 
novel notion that the membrane trafficking systems are involved in T-DNA transfer 
inside the eukaryotic hosts.  Although it was found that VirD2 was detectable in the 
vesicle structures of tobacco BY-2 cells after cocultivated with A. tumefaciens by 
immuno-electron microscopy (Limei Chang, data not published), it is still lacking in 
direct evidence to show the presence of T-DNA molecules inside plant membrane 
vesicles.  Therefore in this work, I focused my efforts on characterizing the properties 
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of T-DNA molecules inside the host cells and further providing evidence for the 
presence of T-DNA molecules inside the membrane vesicles of eukaryotic hosts.  
5.2. Materials and Methods 
5.2.1. Tobacco BY-2 cell suspension culture and subculture 
The tobacco BY-2 (Nicotiana tabacuum L. cv. Bright Yellow 2) calli were 
maintained in the Murashige and Skoog (MS) agar medium supplemented with 3 % 
sucrose and 0.2 mg/ml 2,4-D (Murashige and Skoog, 1962).  These calli were 
subcultured onto the fresh MS agar medium every 3 to 4 weeks before turning into 
brownish color.  For the BY-2 cell suspension culture, BY-2 cells were grown in the 
MS broth medium at room temperature (RT) with shaking at 100 rpm and were 
subcultured weekly with a 4% inoculum (An, 1985). 
5.2.2. Agrobacterium-mediated transformation of tobacco BY-2 cells 
For Agrobacterium-mediated transformation, tobacco BY-2 cells were grown in 
MS broth medium supplemented with 0.2 mg/L of 2,4-D (Murashige and Skoog, 
1962).  The BY-2 cell suspension was cultured under room temperature with shaking 
at 100 rpm and subcultured weekly with a 4% inoculum.  3 days after the weekly 
subculture, BY-2 cells could be used for Agrobacterium-mediated transformation 
(An, 1985).  A. tumefaciens cells were grown overnightP Pat 28°C in the AB minimal 
medium, supplemented with appropriate antibiotics.  Before the cocultivation with 
BY-2 cells, A. tumefaciens cells were induced in the IB medium overnight atP P28°C, 
supplemented with 100 µM acetosyringone (AS) and appropriate antibiotics 
(Cangelosi et al., 1991).  After washed twice with MS medium, 100 µl of A. 
tumefaciens cells (5 x 10P8 Pcells) were incubated with 4 ml of BY-2 cell suspension in 
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a small petri dish with a diameter of 4 cm.  Cocultivation was done in the darkness at 
RT for 1 or 2 days.  After the bacterial cells were washed away by centrifugation, Tthe 
cocultivated plantT cells were frozen at -80°C or subjected to further analyses. 
5.2.3. Agrobacterium-mediated transformation of tobacco BY-2 protoplasts 
To transform tobacco BY-2 protoplasts, 10 ml of the BY-2 cell suspension 
culture grown 3 days after the weekly subculture was harvested by centrifugation at 
500 g for 10 min.  The cell pellet was resuspended in 1 ml of lysis buffer I (1% 
cellulase, 0.05% pectinase, 0.5% driselase, 0.4 M mannitol and 3 mM MES, pH 5.5), 
and was incubated at 30°C in the darkness for 1 h to generate the tobacco BY-2 
protoplasts (Tse et al., 2004).  The BY-2 protoplasts were harvested by centrifugation 
at 500 g for 10 min and resuspended in 4 ml of MS medium adjusted to 0.4 M 
mannitol, 100 µM AS and 0.2 µg/ml 2,4-D.  Then the BY-2 protoplasts were 
cocultivated with 100 µl of induced A. tumefaciens cells in IB (5 x 10P8 Pcells).  After 
different time intervals, the BY-2 protoplasts cocultivated with A. tumefaciens cells 
were harvested by centrifugation and subjected to further analyses. 
5.2.4. PCR analyses of tobacco BY-2 cells cocultivated with A. tumefaciens 
After the cocultivation with A. tumefaciens cells, 2 ml of BY-2 cells were 
harvested by centrifugation at 500 g for 10 min.  The cell pellet was resuspended in 1 
ml of lysis buffer I (1% cellulase, 0.05% pectinase, 0.5% driselase, 0.4M mannitol 
and 3 mM MES, pH 5.5), which was further incubated at 30°C in the darkness for 1 h 
to remove the BY-2 cell wall.  Then the BY-2 cells were pelleted by centrifugation at 
500 g for 5 min, and resuspended in the lysis buffer II (0.2 M Mannitol, 10 mM NaCl 
and 20 mM HEPES, pH 7.7), which were lysed by gently passing through a 25-gauge 
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syringe needle twice (Bethke et al., 1996).  The homogenate of BY-2 cells can be 
further sterilized and purified by filtering through a filter sterilization set with the pore 
size of 0.45 µm.  2 µl of the BY-2 lysate can be directly used for the PCR analysis.  
The primers designed for detecting the T-DNA and A. tumefaciens chromosomal 
DNA are shown in Figure 5.1. 
5.2.5. Subcellular fractionation of BY-2 cells cocultivated with A. tumefaciens 
The homogenate of BY-2 cells cocultivated with A. tumefaciens as described 
previously was adjusted to 0.6 M mannitol, 20 mM Hepes (pH 7.7).  Then 300 µl of 
the BY-2 homogenate was layered on a step gradient of 12%, 15% and 20% Ficoll-
400 solutions (Sigma Chemical Co.), containing 0.6 M mannitol and 20 mM Hepes 
(pH 7.7), 300 µl each.  After the centrifugationg at 17, 500 g for 2 h at 4ºC, 7 
subcellular fractions were sequentially removed from the top layer to the bottom layer 
in the supernatant, 150 µl for each fraction (Li et al., 2002b). 
5.2.6. The GUS assay 
After the cocultivation with A. tumefaciens cells, BY-2 cells were incubated and 
stained in the GUS staining buffer for 4 h or overnight at 37°C.  The GUS staining 
buffer was consisted of 0.5 mM potassium ferricyanide, 0.5 mM potassium 
ferrocyanide, 10 mM Na B2 BEDTA, 0.5% (V/V) Triton X-100 and 5-bromo-4-chloro-3-
indolyl β-D glucuronide (X-Gluc) at 0.5 mg/L (Gibco, Gaithersburg, MD) in the 








Figure 5.1 A schematic illustration of relevant DNA constructs in A. tumefaciens 
required for the transformation of tobacco BY-2 cells.  The Ti plasmid contains the 
vir genes (virA-E and virG) required for the transfer of T-DNA harbored on pIG121-
Hm (Ohta et al., 1990), which is delineated by the left (LB) and right border (RB).  
This T-DNA contains the GUS gene driven by the 35S promoter (P35S).  The small 
arrows indicate the primers used to amplify PCR fragments. Primers GUS-1 (5'-
CGTCCTGTAGAAACC-3') and GUS-2 (5'-ACGCACAGTTCATAG-3') were used 
to generate a 755-bp PCR fragment for detecting the presence of T-DNA inside plant 
cells.  Primers Oligo-105 (5'-GAAGAATTCGAACTTGACGCCGATACC-3') and 
Oligo-107 (5'-AGGCTGCAGACATGCGTATTTTCG-3') were used to generate a 




5.2.7. The S1 nuclease digestion assay 
The S1 nuclease digestion was performed as described (Yusibov et al., 1994) 
with some modifications.  The reaction mixture was incubated at 37°C for 30 min 
with or without the addition of Triton X-100 (finally 0.2%) before adding the S1 
nuclease.  The S1 nuclease digestion was performed at 37°C for 15 min.  Then the 
enzyme was inactivated by adjusting the reaction mixture to 0.05 M EDTA and 0.3 M 
Tris•HCl (pH 8.0), which was incubated at 70°C for 30 min.  A typical S1 nuclease 
reaction mixture (20 µl) contained 2 µl of S1 nuclease buffer (10X), 0.5 µl of S1 
nuclease (5 U) and 15 µl of the BY-2 cell extract.  HB2 BO was used to top up the 
reaction mixture.  
5.3. Results and discussion 
5.3.1. The time course of T-DNA transfer inside tobacco BY-2 protoplasts 
Previous studies in this work have suggested that the membrane trafficking 
systems inside yeast cells are involved in Agrobacterium-yeast gene transfer.  To 
further verify this observation, I tried to extract T-DNA molecules from the yeast cells 
cocultivated with A. tumefaciens in order to examine whether T-DNA molecules are 
present inside the host membrane vesicles or not.  Whereas the low efficiency of 
Agrobacterium-yeast gene transfer made it difficult and unreliable to extract enough 
T-DNA molecules from the transformed yeast cells for further studies (data not 
shown).  Therefore I switched to the tobacco BY-2 model used for Agrobacterium-
mediated transformation.   
It has been shown that A. tumefaciens was able to deliver T-DNA into tobacco 
BY-2 protoplasts after cocultived for 30 min (Yusibov et al., 1994).  Without the 
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presence of inducing chemicals such as acetosyringone (AS), the accumulation of T-
DNA molecules in the transformed BY-2 protoplasts could reach the maximal level 
after 3-h cocultivation.  The T-DNA molecules detected in BY-2 protoplasts were 
further confirmed by S1 nuclease digestion which specifically digested the single-
stranded DNA molecules (Beard et al., 1973).  In this work, I firstly examined the 
time course of T-DNA transfer inside BY-2 protoplasts within 5-h cocultivation with 
A. tumefaciens cells (data not shown).  T-DNA was detected after 30-min 
cocultivation with A. tumefaciens cells.  The accumulation of T-DNA molecules was 
gradually increasing and reached the maximal level after 5-h cocultivation, which 
could be due to the presence of AS in the cocultivation medium.  To study the 
properties of T-DNA molecules in the tobacco BY-2 protoplasts cocultivated with A. 
tumefaciens cells, I further examined the accumulation and the distribution of T-DNA 
molecules in the subcellular fractions of tobacco BY-2 protoplasts after cocultivated 
with A. tumefaciens cells for 3, 5 and 8 h (Figure 5.2).  Similar to previous 
observations, the accumulation of T-DNA molecules in BY-2 protoplasts reached the 
maximal level after 5-h cocultivation, and decreased a little after 8-h cocultivation, 
which indicates that some T-DNA molecules could be degraded and some remained 
stable inside BY-2 protoplasts after 8-h cocultivation (Figure 5.2A). 
Although it was shown that T-DNA extracted from tobacco BY-2 protoplasts 
could be separated from bacterial contamination by centrifugal purification (Yusibov 
et al., 1994), we found bacterial contamination was always a big challenge especially 
after cocultivated for more than 5 h.  There are two possibilities for this phenomenon.  
Firstly, long time cocultivation may affect the growth and viablitiy of A. tumefaciens 
cells.  It is difficult to remove dead or dying bacterial cells simply by the centrifugal 
precipitation.  Secondly, to preserve the subcellular structures especially membrane 
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structures in the BY-2 cell extract, mannitol solutions (0.4 – 0.6 M) with high osmotic 
strength were used, so that the centrifugal precipitation may not be able to separate 
the plant subcellular structures from bacterial cells.  To solve this problem, the 
sterilization filter sets with 0.45-µm pore size were used to eliminate the bacterial 
contamination.  Although the filter sets with 0.45-µm pore size were not sufficient to 
completely remove bacterial cells, bacterial contamination was significantly alleviated 
as shown by PCR analyses (Figure 5.2A). 
In contrast to the distribution of plasmid DNA in the subcellular fractions of 
BY-2 protoplasts, T-DNA molecules were only detectable in some fractions after 
different time intervals of cocultivation with A. tumefaciens cells.  As shown in Figure 
5.2B, T-DNA molecules were accumulated in different fractions during the 
cocultivation process, which indicates that T-DNA molecules in the tobacco BY-2 
protoplasts are associated with certain cellular structures during transferring through 







Figure 5.2  The time course and subcellular distribution of T-DNA transfer inside the 
tobacco BY-2 protoplasts cocultivated with A. tumefaciens.  A. The time course of T-
DNA transfer inside the BY-2 protoplasts cocultivated with A. tumefaciens.  virBP-P 
refers to the A. tumefaciens virB mutant cells which are unable to delivery T-DNA 
into the host cell.  PCR detection of T-DNA inside the BY-2 protoplasts was 
performed after cocultivated with A. tumefaciens cells for 0 h, 3 h, 5 h and 8 h.  B. 
The subcellular distribution of T-DNA molecules inside BY-2 protoplasts harvested at 
the abovementioned time points.  The plasmid DNA (pIG121-Hm) was used as a 





5.3.2. The time course of T-DNA transfer inside tobacco BY-2 cells 
Compared to the tobacco BY-2 cells, BY-2 protoplasts lack the cell wall 
structures, so that they are able to be transformed easily.  But consequently the 
distribution of T-DNA molecules inside the subcellular fractions of BY-2 protoplasts 
as shown in Figure 5.2B may not represent the natural existence status of T-DNA 
molecules during the T-DNA transfer process.  Therefore it is necessary to reexamine 
the accumulation and distribution of T-DNA molecules inside the tobacco BY-2 cells 
after cocultivated A. tumefaciens. 
As shown in Figure 5.3, expression of the GUS reporter (35S:Intron-GUS) 
located on the A. tumefaciens T-DNA can be detected in the tobacco BY-2 cells after 
48-h cocultivation with A. tumefaciens cells, indicating that the transfer and 
expression of T-DNA molecules inside BY-2 cells can be completed within the 48-h 
cocultivation.  The blue histochemical staining exhibited in a GUS positive BY-2 cell 
is due to the expression of the GUS reporter gene located on the A. tumefaciens T-
DNA which encodes an enzyme that hydrolyses and transforms its substrate (X-gluc) 
present in the GUS histochemical staining buffer to a blue-colored compound.  
Because the GUS reporter gene contains an intron, A. tumefaciens is not able to splice 
off the intron and express the reporter gene (Ohta et al., 1990).  Therefore, any GUS 
activities observed after the cocultivation process should represent the consequence of 












Figure 5.3  The GUS expression inside the tobacco BY-2 cells cocultivated with A. 
tumefaciens.  Tobacco BY-2 cells were cocultivated with A. tumefaciens cells 
harboring pIG121-Hm for 24 h or 48 h.  The A. tumefaciens virB mutant cells that 
cannot deliver T-DNA into plant cells were used as the negative control.  The blue 
color from BY-2 cells after subjected to the GUS assay indicates expression of the 





Previous studies have shown that a couple of T-DNA molecules could be 
detected in tobacco BY-2 cells by fluorescence in situ hybridization (FISH) after 2-h 
cocultivation with A. tumefaciens cells and more T-DNA molecules were consistently 
detected after 5-h cocultivation with the bacterial cells (Limei Chang, data not 
published).  Therefore in this work, the extraction of T-DNA molecules from tobacco 
BY-2 cells for PCR analyses was performed after cocultivated with A. tumefaciens for 
5 h, 24 h or 48 h. 
Figure 5.4 shows the presence of T-DNA molecules inside tobacco BY-2 cells 
after cocultivated with A. tumefaciens for different time intervals. T-DNA was 
detectable in tobacco BY-2 cells after cocultivated with A. tumefaciens for 5 h.  The 
maximal accumulation of T-DNA was observed after 24-h cocultivation with A. 
tumefaciens (Figure 5.4A).  As a control, T-DNA was not detectable in tobacco BY-2 
cells without the cocultivation with A. tumefaciens or cocultivated with A. 
tumefaciens virBP- Pcells which cannot deliver T-DNA into plant cells.  Because the 
extraction of T-DNA from tobacco BY-2 cells involves many treatments such as 
enzyme digestion for removing plant cell wall, syringe needle lysis and filter 
sterilization, bacterial DNA was examined as an internal control.  As shown in Figure 
5.4B, bacterial DNA was not detected in the BY-2 cell extracts.  Therefore, T-DNA 
detected by PCR analyses should represent the T-DNA in tobacco BY-2 cells 









Figure 5.4 The time course of T-DNA transfer inside the tobacco BY-2 cells 
cocultivated with A. tumefaciens.   A. The T-DNA construct (pIG121-Hm) was used 
as the positive control (P) to show the presence of T-DNA.  A. tumefaciens virBP-P cells 
that cannot deliver T-DNA into plant cells were used as the negative control.  PCR 
detection of T-DNA in BY-2 cells was performed after cocultivated with A. 
tumefaciens for 0 h, 5 h, 24 h or 48 h.  B. PCR detection of aopB (A. tumefaciens 
chromosomal DNA) and T-DNA in the BY-2 cell extracts.  aopB was used to 
examine the bacterial contamination inside the BY-2 cell extracts.  A. tumefaciens 
cells (Lane 1) and the T-DNA construct (Lane2) were used as the positive controls for 




5.3.3. Evidence for the presence of T-DNA inside the membrane vesicles of 
tobacco BY-2 cells 
Previous studies in the yeast model have shown that some membrane trafficking 
systems were involved in the T-DNA transfer process in yeast cells, suggesting that 
some T-DNA molecules should be transferred inside membrane vesicles (Figure 3.14).  
As shown in Figure 5.2B, T-DNA molecules were present in different subcellular 
fractions of tobacco BY-2 protoplasts after cocultivated with A. tumefaciens.  Because 
this subcellular fractionation method is used to separate membrane structures 
especially membrane vesicles, the distribution pattern of T-DNA molecules inside the 
tobacco BY-2 protoplasts prompted us to examine whether the T-DNA transfer inside 
plant cells is associated with the host membrane trafficking systems. 
It was shown that DNA molecules inside membrane vesicles were protected 
from DNase digestion (Yaron et al., 2000).  If T-DNA was transferred inside plant 
membrane vesicles, T-DNA molecules extracted from tobacco BY-2 cells should be 
protected from enzyme digestions.  To prove this hypothesis, S1 nuclease was used to 
analyze the T-DNA molecules extracted from tobacco BY-2 cells.  S1 nuclease is an 
endonuclease that can specifically digest single-stranded DNA molecules (Beard et al., 
1973).  It was shown that S1 nuclease was able to digest all the T-DNA molecules 
extracted from tobacco BY-2 protoplasts, when the BY-2 protoplasts were disrupted 
in the low osmotic lysis buffer (Yusibov et al., 1994).  In contrast to that work, the 
BY-2 cell extracts used in this study were preserved in the high osmotic lysis buffer 
(0.6 M mannitol), so that the membrane vesicles should be maintained well during 
extraction.  Therefore the T-DNA molecules extracted in this study could be protected 









Figure 5.5  Evidence for the presence of T-DNA inside the membrane vesicles of tobacco 
BY-2 cells cocultivated with A. tumefaciens. After cocultivated with A. tumefaciens for 5 h, 
24 h and 48 h, T-DNA was detected in the BY-2 cell extracts.  A. Effects of S1 nuclease 
digestion.  B. The filtering effects on T-DNA production.  T-DNA was detected in the BY-2 
cell extracts filtered through 0.45-µm or 0.22-µm filter sets.  P: the BY-2 cell extract 
incubated with pIG121-Hm before the syringe lysis.  N: the BY-2 cell extract without 
cocultivation with A. tumefaciens.  Both P and N were filtered through 0.22-µm filter sets.  C. 
T-DNA was detected in the subcelluar fractions of BY-2 cell extracts. pIG121-Hm was used 





As shown in Figure 5.5A, S1 nuclease treatments had significant effects on the 
yield of PCR amplification, indicating that most T-DNA molecules extracted in this 
way were protected from S1 nuclease digestion.  It is believed that T-DNA inside a 
plant cell is protected by A. tumefaciens VirE2 protein, a virulence protein that 
cooperatively binds to single-stranded DNA molecules and protects DNA molecules 
from enzymatic digestion (Volokhina and Chumakov, 2007).  But the single-stranded 
DNA binding ability of VirE2 is temperature sensitive.  It was shown that about 95% 
of DNA-binding activity of VirE2 was observed after incubated at 25°C for 10 min, 
whereas only 6% of DNA-binding activity still remained after incubated at 37°C for 
10 min (Sen et al., 1989).  Considering that all the BY-2 cell extracts were treated at 
37°C for 30 min before adding S1 nuclease and the S1 nuclease treatments were also 
performed at 37°C, the protection effects observed in this work should be due to the 
membrane protection instead of the VirE2 protection.   
It is possible that, by inactivating the VirE2 protection at 37°C, only T-DNA 
inside membrane vesicles could be detected, so that the S1 nuclease treatments had 
little effects on the yield of PCR amplification.  In this case, the amount of T-DNA 
molecules detected in the BY-2 cell extracts treated at 20°C could represent the total 
amount of T-DNA molecules extracted from BY-2 cells, which was similar to the 
amount of T-DNA molecules detected in the BY-2 cell extracts treated at 37°C 
(Figure 5.5A).  Therefore most T-DNA molecules extracted from BY-2 cells could be 
present inside the membrane vesicles.  Low concentration of Triton X-100 was shown 
to be able to remove the membrane protection (Yaron et al., 2000).  Consistently no 
T-DNA was detectable in the BY-2 cell extracts after treated by Triton X-100 at 37°C 
for 30 min (Figure 5.5A).  To our surprise, T-DNA molecules were always protected 
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from S1 nuclease digestion in the BY-2 cell extracts cocultivated with A. tumefaciens 
for 5 h, 24 h and 48 h, indicating that T-DNA molecules were present in membrane 
vesicles during the whole transfer process.   
In addition to the membrane protection, the presence of T-DNA in different 
membrane vesicles with various size and density was also observed in this work.  As 
shown in Figure 5.5B, most T-DNA molecules were detected in the BY-2 cell extracts 
filtered through 0.45-µm filter sets.  Only for the BY-2 cells cocultivated with A. 
tumefaciens for 5 h, a small amount of T-DNA molecules could be detected in the 
BY-2 cell extract filtered through the 0.22-µm filter set.  For the BY-2 cells 
cocultivated with A. tumefaciens for 24 h and 48 h, only trace amount of T-DNA was 
detectable in the BY-2 cell extracts filtered through the 0.22-µm filter sets.  These 
observations indicate that T-DNA molecules are present in different membrane 
vesicles with different sizes during the transfer through host cytoplasm.  Most T-DNA 
molecules were found in the membrane vesicles larger than 0.22 µm.  Only during the 
early stage of T-DNA transfer inside host cytoplasm, some T-DNA molecules were 
found to be present in the membrane vesicles smaller than 0.22 µm.   
Previously T-DNA was found to be present in different subcellular fractions of 
the BY-2 protoplasts cocultivated with A. tumefaciens for different time intervals.  
Similar results were observed when using tobacco BY-2 cells as the host for 
Agrobacterium-mediated transformation (Figure 5.5C).  This observation indicates 
that T-DNA could be associated with different membrane vesicles in terms of the 
vesicle density during its translocation inside the plant cytoplasm.   
Because sterilization filter sets were used in this study to eliminate bacterial 
contamination, it is possible that only the T-DNA molecules existing inside small 
 167
membrane vesicles can be extracted in this way.  If T-DNA was associated with larger 
organelles or cellular structures such as cytoskeleton structures, it should be excluded 
by the filter membrane.  In this work, most T-DNA molecules extracted from BY-2 
cells can be protected from S1 nuclease digestion, indicating that the T-DNA complex 
is not freely existing inside plant cytoplasm.  The molecular weight of a single-
stranded T-DNA together with its cooperatively binding VirE2 may exceed 50,000 
kDa, which make it impossible for a T-DNA complex to move toward the plant 
nucleus by diffusion (Zupan and Zambryski, 1995).  Instead, it is possible that the T-
DNA complex makes use of host cellular mechanisms for its translocation into the 
host nucleus.  It was shown that the nuclear import of synthetic T-DNA-VirE2 
complexes required the host microtubule structures and relevant motor proteins 
(Salman et al., 2005).  Results from this work have clearly shown that the T-DNA 
transfer inside a plant cell is associated with various subcellular membrane structures.  
Therefore its existence inside the host cell can be protected from defensive 
degradations, and its nuclear import could be facilitated or affected by the host 
membrane trafficking systems.  
5.4. Conclusions 
Previous results have shown the effects of several yeast membrane trafficking 
systems on Agrobacterium-yeast gene transfer.  In this study, I further examined the 
presence and distribution of T-DNA molecules inside the tobacco BY-2 cells after 
cocultivated with A. tumefaciens cells.  It was shown that the T-DNA molecules 
extracted from A. tumefaciens-transformed BY-2 cells were protected from the S1 
nuclease digestion.  Only after the treatment with Triton X-100 used to dissolve the 
vesicle membrane structures, the T-DNA molecules could be digested by S1 nuclease.  
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The size-exclusion assay based on the filter pore size and the subcellular fractionation 
assay further showed that the T-DNA molecules extracted from BY-2 cells were 
present in different membrane structures with different particle sizes and densities.  
These observations indicate that membrane trafficking systems are involved in the T-
DNA transfer process inside host cells. 
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Chapter 6. General conclusions and future work 
6.1. General conclusions 
A. tumefaciens, the gram-negative soil bacterium, is able to transfer its 
oncogenic T-DNA into plant cells in nature.  Under laboratory conditions, the 
bacterium can also genetically transform yeast, fungal, and mammalian cells.  In this 
study, the yeast mating pheromone α-factor was shown to increase the efficiency of 
Agrobacterium-yeast gene transfer by up to 100 folds.  This stimulation required the 
induced expression of yeast pheromone responsive genes.  Fus3p, the mitogen-
activated protein kinase (MAPK) for pheromone signaling, was proven to be a key 
regulator for the pheromone-stimulated Agrobacterium-yeast gene transfer.  This 
indicates that an active process involving mating genes can enhance the competency 
of yeast cells to receive T-DNA and that the T-DNA movement inside eukaryotic 
cells is analogous to the mating process.  It was further shown that pheromone 
treatment was able to stimulate the LiAc-mediated transformation of yeast cells 
through the Fus3p-regulated pheromone signaling.  These observations suggest that 
the yeast mating pheromone can generally stimulate the competency of yeast cells to 
accommodate foreign DNA in an active manner designed for the mating process. 
Three pheromone responsive membrane trafficking systems were identified to 
be involved in the Agrobacterium-yeast gene transfer process, including the Ypk1p-
mediated endocytosis, the Vps15p-mediated vacuolar protein sorting and the Vps51p-
mediated protein recycling.  Further studies are required to correlate these membrane 
trafficking systems to the pheromone-stimulated Agrobacterium-yeast gene transfer. 
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As a eukaryotic model organism, Saccharomyces cerevisiae has many 
advantages such as the rapid growth rate, facile genetic modification methods and 
various useful mutant collections.  For the research on Agrobacterium-mediated 
transformation, the yeast model still lacks reporter systems for effectively detecting 
the T-DNA transfer process inside yeast cells.  In this study, the detectabilities of 
three fluorescent protein reporters including DsRed2 (RFP), yEGFP (GFP) and 
yEmCitrine (CFP) were examined by FACS under the conditions for Agrobacterium-
yeast gene transfer.  CFP was shown to be more stable and fluorescent when analyzed 
by FACS.  The efficiency of Agrobacterium-yeast gene transfer mediated by different 
T-DNA constructs encoding the fluorescent protein reporters was also examined.  The 
T-DNA construct pST303 encoding the CFP reporter was shown to be able to 
transform yeast cells more efficiently and can generate stronger fluorescence signals 
in the yeast cells cocultivated with A. tumefaciens cells.  When using the A. 
tumefaciens cells containing pST303 to transform yeast cells, the transformation 
efficiency detected by FACS was comparable to the efficiency detected by the 
traditional plating assay.  This indicates that the CFP reporter system in pST303 is 
able to quantify the efficiency of Agrobacterium-yeast gene transfer when detected by 
FACS. 
It was further shown that the efficiency detected by FACS was comparable to 
the efficiency detected by the plating assay for the transformation of yeast bar1 
mutant cells with the addition of α-factor.  When cocultivated with A. tumefaciens, 
yeast bar1 cells treated by α-factor should be arrested in the G1-phase. The increased 
transformation efficiency detected by FACS indicates that the pheromone-stimulated 
T-DNA transfer inside yeast cells can be accomplished in the G1-phase.  This finding 
is consistent with previous observations based on genetic analyses.  Therefore the 
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CFP reporter system assisted by FACS should enable us to study the effects of 
essential cellular activities on Agrobacterium-eukaryote gene transfer. 
To elucidate the involvement of membrane trafficking systems in the T-DNA 
transfer process inside host cells, I further examined the presence and distribution of 
T-DNA molecules inside the host cells.  It was shown that T-DNA molecules 
extracted from the tobacco BY-2 cells cocultivated with A. tumefaciens were 
protected from S1 nuclease digestion.  Only after the treatment with Triton X-100 
used to dissolve the vesicle membrane structures, the T-DNA molecules could be 
digested by S1 nuclease.  The size-exclusion assay based on the filter pore size and 
the subcellular fractionation assay further showed that the T-DNA molecules 
extracted from tobacco BY-2 cells were present in different membrane structures with 
different particle sizes and densities.  These observations indicate that T-DNA 
molecules may exist inside membrane vesicles before transferred into the host nucleus. 
6.2. Future work 
The yeast pheromone treatment may affect the gene expression profiles of more 
than 400 yeast genes.  The effects of more pheromone responsive yeast genes on 
Agrobacterium-yeast gene transfer should be studied in the future work.  The CFP 
reporter system assisted by FACS technology may enable us to carry out large-scale 
screens for host factors important for Agrobacterium-eukaryote gene transfer. 
In the future work, the involvement of yeast essential genes in T-DNA transfer 
should be further studied.  Because the yeast mutants of essential genes are non-viable, 
some expressional regulation methods such as RNAi and repressible promoter 
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replacement could be used to elucidate the effects of crucial cellular functions on 
Agrobacterium-yeast gene transfer.   
It is also necessary to explain how host membrane trafficking systems are 
involved in T-DNA transfer.  Specific vesicle markers should be helpful for us to 
identify the membrane trafficking systems isolated by subcellular fractionation.  
Electron microscopy (EM) could be used to directly observe the presence of T-DNA 
molecules inside membrane structures that can be verified by immuno-labeling.   
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